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ABSTRACT

An experimental investigation of the response of a hypersonic

turbulent boundary layer to a step change in surface  roug hness has

been performed. The boundary layer on a flat  nozzle wall of a Mach

6 wind tunnel was subjected to abrupt changes in surface roughness

and its adjustment to the new surface conditions was examined. Both

mean and fluctuating flow properties were acquired for smooth-to-

rough and rough- to- smooth surface configurations.

The boundary layer was foun d to respond gradually and to

attain new equilibrium profiles , for both the mean and the fluctuating

properties , some 10 to 256 downstream of the step change. Mean

flow self-similarity was the f i rs t  to establish itself , followed by the

mass flux fluctuations, followed in turn by the total temperature

fluctuations.

Use of a modified Van Driest transformation resulted in good

correlation of smooth and roug h wall data in the form of the incom-

pressible law of the wall. This is true even in the nonequilibrium

vicinity of the step for small roughness heights .

The present data are found to correlate well with previously

published roug hness effect  data from low and high speed flows when

the roughnesses are characterized by an equivalent sand grain rough-

ness height.

Existing corr€lations based on low speed data were found to

be unsuccessful  in predict ing the effect  of this roughness on the skin

friction and velocity profile. The indiscriminate use of low speed

—
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roug hness effects correlations to predict the effects of roug hness

on supersonic and hypersonic flows must therefore be regarded as

a procedure subject to gross errors .

Significant pressure and temperature history effects were

observed throughout the bounda ry layer. The existence of these

effects was found to create a nozzle wall boundary layer whose

properties were far  different than those in a boundary layer on a flat

plate in the free stream, raising questions about the validity of simu-

lating the flat plate boundary layer with the nozzle wall boundary

layer.
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INTRODU CTION

Th e ef fec t of su r f ace  rough n e s s  on the  c h a r a c t e r i - ; t i *. i i  of f low

over a sur face  has long been of i n t e re~- $ , e spec ia l l y to tho~~~ p e oj 1e

who are  involved in the design of ve hicl .’s which opera te  in or on U~e

wate r or within the atm osphere.  It is  well  known that  the  p r e s t ~r . I —

sur face  r oug hness can si gn if ican f l y a i t . ’r ~h~- d r ag  and hea t  t r a n s f .~ r

charac ter i s t ics  of a su r face  and can even c , iu . -;c c on s id e ra b h ’  ~~io k  - -

ficat ion of the f low—fie ld  about a bod y, compar ~ d to th c  5 i i ~~OO~~~ v. . t l l

case. Quan titative knowledge of th ese  roug h n e s s  e f f e c t - ~, ari d in s i g ht

into the physica l  phenomena which g ive r ise  to these  c f t e c  ~~ is es ~e, l -

tial for the realistic design of new vehic les , reg~.r d l e a s  of t he i r  sp. ec i

range or medium of operation . Without such knowled ge , veh i c l e  pe r-

f orm ance cann ot be adequa tel y predic ted and c o n s i d e r a b l e  overdesi gn

is mandatory  to i n su re  that the vehicle  wil l  s a Us f y the des ign  c r i te r i a .

Ship hulls , a i rc ra f t., r een t r y vehic les , and t he space shutt le  a re  hut

a few a reas  in which the desi gn is in fluenced  h~~av’.J y by the knowled ge

or lack c f  knowled ge of roughness  c f f e c ts .

One of the ear l ies t  ext eni~ive s tudies  of roug hnes s  e f f c c t s  v~ t s

that of N ikuradse ,~
1 in which the ef f ec t s  of Reynolds  xmrnb er  and

telativ~ roug hness  iiei ghL ~. were  in ves~iguted .  Th is wor~

carr ied out using dense sand gra in  roug hness in pipe flow , lie dis-

covered that for  Reynolds number  based  on roug hness  hei ght below a

cer t~ in c r i t ical  value , the roughness  had no d i scern ib le  ef f ect  on the

flow, i. e . , the su r f ace  was “h yd r a u l i c a l l y smooth. ” For roug hness

Reynolds numbers  above thi s c r ~ti ca1 v a l u e  and below a second critical

value , t.he ef fec t  of the wall roug h i ws s  (In t h0  boundary  l aye r  p r o per t i es

I 
- -— 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
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was dependent on f low Reyno lds  n u m b e r  and roug hness  densi ty , k /d

(k is the roughness height, and d is some c h a r a c t e r i s t i c  length  of

the flow , such as the pipe diameter  for  Nikuradse ’s wo rk).  T l ie .~e

flows were termed “ t rans i t iona l . ” Flows wi th  roug hnes s  Reynold s

num bers  above the second crit ic~t l  v a lue  We r e  1aun d to depend on l y

on the roughness  density and were  te rmed ‘ iii~iy roug h. ”

Moore ,~
2
~ in 1951 , in vesti ga ted  a ze ro  p r e s su re gradient

boundary layer over a roughness cons i s t i ng  of square  bar s  placed

normal to the flow wi th a rati o of pitch to heig ht of 4 . Moore found

that a similarity defec t  law corre la ted his boundary  layer  p rof i l es ,

and the law was identical  with the smooth-wall  1a~~ provided the ori g in

for measuring y and 0 (the boundary layer th ickness )  was located

some distance below the crest of the roughness elements.

Hama ,~
3
~ in 1954 , conducted an extensive investigation which

showed that the Clauser~
4

~ form of the logar i thmic  veloci ty  dis t r ibut ion

for rough wall flows
y u

= ~i ( _ i ) + C . . _
~-’! ( 1)
U

T

where

U
T

~ and C universa l  constants

T wall shear s t ressw

fluid density at the wall

= a roughness function which is zero for smooth

walls and which depends on the roughness Reynolds

number

- ~~~~. ~~~~~~~~~~~~~~~~~~~~~~~~ . .:~~ --~~~~~~~~~~~~
- --- .----. ~~~~—-  - .

~~~
- S



and the Clauser ~
4

~ f o r m  of the roug h n e s s  f u n c t i o n  f o r  f u l l y rou~’h

flows
k u

(‘~)

a re both universal  for a g iven roug h nes s  ~~e ’ I~ t e l  ry  in ~~~~~ cha ri n .~l ,

and zero p ressure  gradient  b o u n d i r v  I~t y e r  f low , The u - ’n s t ~~it 1 is

found to depend upon the free st r e m p r e s su r e  g r  ~~~~~~~

More recently, the work of l3et tcr  an ,~
5
~ Mor r i s ,~

6
~ Liu

et al. ,(7) and Pe r ry  et al.~
8
~ have  i n c l u d e d  the e f f e c t s  on the c & ’ n s t . t n t

D of the element densi t y. Per ry  and .Toub er t ~~~ have in v e : ;t i ~~ t t t - d  the

effect  of an adverse  p r es s u r e  g r a d ien t  on the  roug hness  fu n c t i o n . Al l

of these works were for either a sand g ra in  roug hnessUl ~ or a trans-

verse square bar type of roug hness ,~
2 ’ 4 9 )  while Streete r and Chu ,~~~

0
~

Sams ,UU Ambrose ,U Z )  and Corrsin  and Kistler ,U 3)  have i n v es t i g . t t e~l

different types of roug hnesses .

Antonia and Luxton,~~
’4

~ Liu et al. ,~~~5) and Logan and j~~~~~~
( 1 6)

are among those who have studied the turbulent  properties of incom-

pressible fluid flow over rough s u r f a c e s . They h ave found  tha t  the

velocity f luctuat ion magni tudes  in the o u ter  p a r t  of the r o u t ~}i w a l l

bo undary  layer  are si gnif icantl y hi p h~~r t h i n  t hu~~, on t h e  ~~~~~~‘ H i  w t 1l ,

The fluctuation prof i les  were  a l so  foun d to a s s u m e  a self  p r e s e r v i n g

shape.

Using the in format ion  obtained in the se  inve~~ti gat ions ,

Van Driest U 7) has constructed a mathematica l  model of incompres-

sible fluid flow over a rough wall which has met with co n s i der a b le

success when used to compute the mean propertie s of such a f low .

S -~~~~~~~~~- “. .- - . . S-
. 5 ~~~~~~~~~~~~~~~~~~~ ~~~~~~~~S
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Dvorak U 8)  u t i l i zes  the  c o r r e l a t i o n  of l i et t e r ru a n , extend s i t  to - t i u r

roughness  dens i t ies , and in c o r p o r a t e s  the  u n i ve r s a l  roug h u r f a ~ ~ law

of the  wal l  into a p roc edure  fo r  com p u t i n g  i nc ot np r e ; s ib h  roug h w a t t

t u r b u len t  b o u n d a r y  l a yer  p r o f i le s .

Cons ide rab ly less  p r o g re s s  has l) ee~ l m ad e in d et t - r m i r a  g the

ef fec ts  of s u r f a ce  roug hness  on c o n ip r . s i l~~e t u rbu l en t  b ou n d a ry

( 1°)l aye r s .  One of the f i r s t  i nves ti gat i on s  was  tha t  of Goddard  who

studied the e f f e c t s  of s and gr a i n  roug hness  st M . ch n u rub e  rs  of .~ to

4. 5, \Vade~
2
~~ at about the same t ime d e t e r m i n e d  the  f l e e t s  of “ s c r e w

thread ” roug hness at Mach number  2. ~~ . F cn t e -r , ( L U  Young , 
(2 2 )  

Shutt s

(23 )  (24)  (25 )  (26 )
arid Fenter , Mann , Reda , and Monta et al. have :l o.o

investigated this phenomenon at Mach numbers vary ing from 2 to 5.

With the added phenomenon of compres s ib i l i t y, it is no

longer possible to d i r e c t ly c o rr e l a t e  the b o u n d a ry  l aye r  p r o fi l e s

in the law-of-the-wall form as was done for  i ncompres s ib l e  flow .

Even compressible  smooth wall  t u rbu len t  boun dary  lay e r s , at dif ~

f e r e n t  Mach numbers  or w a l l - t o - s t a g n a t i o n  t e m p e r a t u r e  ra tios ,

cannot be directly cor related by the  law of the ~vall. Sever al tran~ -

form methods~
27 37) have b~~e i t  p roposed , based on e i the r  theo re t i ’:a l

analysi s  or e x p e r i m e n t al  da i~~. 1 h e~~c mcthods  are  ~ es nc:~ to

transform compressible velocit y profile dat . i  into an “ equ iva len t ’

i n c o m p r e s si b l e  f o r m  which  cart  t h e n  be c o r r e l a t ed  by the  i n c omp r e . is-

~ble law of the  w a it .

Spalding and Chi , ~~
4) 

hop kins et al. ,~~~ ~~ Miles and Kim , 
(39 )

and Hopk ins  and lnouye~
4
~~ ha ve compared several  of the  t he o r i e s

wi th  available data  and conclude that  w h i l e  some of them w o r k

— -~~~~~~~~~~ 
_________________



-5 -

quite ~ve l l f or a wi d e var ie ty of da ta , many  of them p e r f o r m  ade-

quately only for  da t a which  w e r e  a c q u i r e d  under  cer t a in  send i t i a i i s

such as limited Mach number  range , l imited w a ll  t e m per a t u re

range , etc . Sinc e onl y the immedia te  wal l  r eg ion of t h e  co m pr e 4 5 -

ible turbulent  boundary  la y e r  is a f f ec te d  by the p r e s en .  ‘ of ival l

roughness , it seems likel y that  the smooth  wall  t r a n s f or m  methods

will work for the roug h wall case as well , and Fe nt er , Young,

and Reda~
25

~ have ver i f ied  this.

Dvorak (4U and Chen~
42

~ have developed computa t iona l

procedures based on a combinat ion of emp ir ical laws and theo-

retical equations which purpor t  to predict  the compress ib le  roug h

wall boundary layer  development in a p r e s su re  g rad ien t . The

agreement  with the limited amount  of data is qui te  good , but Dvorak

specif ical ly deplores the a v a i l a b il i t y  of su i table  tes t  data .

The ear l ies t  comprehensive  i nves t iga t i on  of the f l u c t u a t i n g

properties of the compress ib le  tu rbu len t  boundary  la yer  was p e r -
(43)formed by Kis tler  . He found that  in the Mach number range

of 1. 7 to 4. 7 , the mass flow and total te m pe r a tu r e  f luc tua t ion

in tensit i es  increased  throug hout the boundary layer  wi th  i n cr e a s i n g

Mach numbe r . The velocity f luc tua t ion  prof i l e  was  observt ~ to be

genera l l y similar in shape to low speed f luctuat ion p ro f i l e s .  Sub-

sequent  to Kist ler ’ s work , Owen and Horstman ~
44

~ arid Laderman

and Demetr iades , (45 , 46) h av e inves t igated smooth wall  turbulent

boundary layer  flows at Mach numbers of 7 , 8 , and 9 wi th  adiabatic

and cold wa i l s ,  Laderman and Demetriades~
46

~ conclude that the

f luc tua t ion  in tens i ty  is strong ly dependent on the wall t empera tu re

- ~_1~ — - -  —- -  ~~~ . 

. 
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to stagnation temperature ratio.

An investigation of the response  of a h y p e r s o n i c  tu rbu len t

boundary layer to a step cha ige in roug h n e s s  was seen as se rv ing

several purposes ;  it would provide i n f o r m a t i o n  on the d i s t a n ce  re-

quired to achieve equil ibr ium roug h wall f low in hy p er s o n i c  f low- -

essential  for f u tu r e  roug hness  work;  it woul d y i e l d  i n f o r m a t i o n  on

the equilibrium roug h wall boundary  l a y e r  f low d o w n s t r e a m  of the

t ransi t ion reg ion , creat ing addit ional  t e s t  data for  the ex~.st in t ~ com-

putational procedure;  and it would serve as a p r e l i m i n a r y  step for

possible later investigat ions of a tu rbu lence  product ion dominated

reg ion of f low, designed to gain f u r t h e r  unders t and ing  of the m c c h t -

n isms involved in turbulence. In addition , compar i son  of the data

(14)
with the exist ing low speed results of Antonia and Luxton would

reveal  the Mach numbe r dependence of the boundary layer response

to sudden per turba t ions .

A detailed account of the p resen t  invest igation is p resen ted

in Ref.  77 .

~

1 ~~~~
—- --- . -. . -. — -. 
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DESCRIPTION OF THE EXPERIMENT

Facility

This work was pe r fo rmed  in Leg II of the Gradua te  A e r o n a u t i ca l

Labora to r ies, California Insti tute of Technology (GALCIT)  hypersonic

wind tunnel. The tunnel is a closed c i r c u i t  con t inuousl y opera t ing

faci l i ty  u t i l i z ing  heated air  as the t e s t  gas . Leg 11 has a t~’.o dimen-

sional , f lexible  nozz le  which may be contoured to p roduce  Mach

numbers  in the range of 6 to 9. The side w a U s  of the tunnel  d~ v e rg c

to compensate for  boundary layer  growth in the  f low d i rec t ion. For

this work , a half nozzle  configura t ion  was contoured  to produce a

nominal f r e e  s t ream Mach number  of b. 0. Thi s resul ted  in a total

test  section height of approximately 2 . 8 inches , with an invisc id  core

approximately 0. 8 inche s in heig ht by 5. 0 ii rhes in width.

The nominal tunnel operating condi t ions  for  thi s work were

chosen to g ive the hi g hest  poss ib le  Reynold s number  cons is ten t  with

good quality flow and safety condit ions.  These condit ions were  Pt = 22 8

psia and Tt = 770°R which resulted in a f r e e  s t ream Reynold s number .

Experimental  Apparatus

The bottom flexible nozz le  wall of the tunnel was removed and

replaced by an assembl y consis t ing  of a pe rmanen t  0. 625 inch thick

steel plate (base plate ) upon which removable sur face  plate s 0. 35 inch

thick were  mounted. The base plate i tself was 48. 8 inches  long and

the removable sur face  element length was 46. 3 inches.

Four sets of s u r f a c e  plate s were fabr ica ted , one of which was

le f t  smooth to serve as a r e f e r e n c e  condi t ion , while the others  were

machined to d i f f e r e n t  su r face  roughness .
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The surface  roug hness chosen fo r  thi s stud y was a t r a n s ver s e

square bar type as il lustrated in Figure  1. Thi s confi g u r a t i o n  was

chosen because it has been extensively s tudied in  low speed flow

‘14’ 8
(Moore , ‘~~ Antonia and Luxton , ’ / P e r r y ,  Schof ie ld  and Jouh er t

Betterman~
5
~ ) and it may be readily c ha ra c t cr i ~~ed by a hei ght and a

wavelength. The wavelength to height  rat :e  used  w a s  4 , and the

grooves  were  r eces sed  into the s u r f a c e , l eav ing  the top of the r eug h-

ness  elements level with the smooth wall u p s t r e a m  of the r oug hn e s s .

Roug hness hei ghts of 0. 0125 , 0 . 0250 and 0. 050 inch were  used , which ,

us ing  the data of Betterman, 
(5 )  co r re spond  to i ncompres s ib l e  sand

grain roug hness hei ghts of 0 . 04 , 0. 09 , and 0. 18 inch y ielding non-

+ 
k u T

dimensional roug hness  values k (= ,j ) of approximately 18 , 40

and 85.

To reduce the heat loss f r om  the flat  plate to the room , a con-

tinuous flow of low speed (< 40 f t / s e c )  heated air was maintained in a

channel formed by the base plate and the tunnel side walls .

Instrumentation

The mean flow proper t i es  of the boundary layer  were  computed

f rom data acquired during Pitot p r e s s u r e  and total t empera ture  su rveys .

A limited amount of st atic pres s i r e da ta was  obtained , the main  concern

being the ve r i f i c i a t ion  of the standard assumpt ion  of constant  s tat ic

pressure across the boundary layer. Direct measurements of wall

temperature  and p r es su re  were  made via ins t rumenta t ion in the tunnel

wall , while the wall shear s t ress  was determined using a skin f r ic t ion

balance which could be installed at either of two axial location s. A

constant  cu r ren t  hot wire anemometer  was used to obtain fluctuation 

~~~~~~~~ • - -—
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data f rom which the turbulent  p rope r t i e s  of the boundary  layer  could

be deduced ,

Pitot p r e s s u r e s  were  mea s u r e d  us ing  a Statharn p r e s s u r e  t rans-

ducer  ( P A -2 0 8 TC - l 0 -3 5 0 , 0-10 ps ia ) .  Static p r e s s u r e s  w e re  m e t .~u red

using a Datanie t r ic  e lec t ron ic  b a r o m e t e r , t~~pe 10 1-iA . Pitot p r o s  — o r e

reading s a re  est imated to be a c c u rat e  to w i t L i :~ = I 
-
.

The total t empera tu re  p robe  was based on the desi gn of

Behrens~
47

~ and consis ted  of a mica r t a  bod y anci wed ge shaped i ni cor t a

supports  0. 5 inch apar t .

Two t r a v e r s e  m e c h a n i sm s  w e r e  used in thi s exper iment .  One

t r ave r se  was window mounted and permi t ted  c ros s  s t ream as well as

vertical and axial movement, while the other was a top mounted uni t

which utilized a more rigid support system for the axial moving sting

and permit ted only axial and v er t i c a l  movement .  Both m e c h a n i s m s

were located at the aft end of the test section (
~ 52 inche s f r o m  the

throat). Estimates of the probe position (with respec t  to the flat plate )

accuracy under tunnel operating conditions vary from ± 0. 002 inch at

the aft end of the test section to ± 0. 005 inch at the maximum probe

extension of 28 inches .

The smooth sur face  plate sect ions were  ins t rumented  w i t h

static p r e s s u r e  tap s and thermocouples . The tap s consis ted of a 0. 067

inch d iameter hole drilled f r o m  the back sur face  of the s u r f a c e  plate

to within 0. 02 5 inch of the f r o n t  su r face  with a 0. 014 diameter inch

hole through the surface. These static pressure reading s are estimated

to be accurate to within ± 1 mm silicone oil (0. 0013 psi) or ± l i~ or less

of the minimum wall pressure sensed. The outputs of all of the surface

- -  T TEITT - •  • ~~~~~~~~~~~~~~~~ • ~~~~-- • • ~~~~~~~~ - .
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thermocouples were monitored on a self balancing str i p char t  r eco rde r ,

and the accu racy  of the thermocouples based on c a l i b rat i o n  was  ± 1°F.

Provis ions  were  made fo r  mount ing a skin f r i c t i o n  ba lance  at

two axial locations , 27 . 9 and 47 . 9 inches  f r o m  the throa t .  The s u r f a c e

elements of the balance could be ~n t e r ch a r z e d  in the  ~-a m c  m a n n e r  as

the res t  of the flat plate s u r f a c e  sec t ions . R ou g h n e ss  e l em e nt s  for  the

balance were  machined to match  the v a r i o u s  plate roug h n e s sc s  w i t h  no

in te r rup t ion  or discont inui ty. The roug h n e s s  hei~~h t s  w or e  auc }~ t h at  an

in t eg ra l  number  of roughness  w a v e l e ni t h s  would be p r e s e n t  on the bal-

ance  element ( 1 , 2 , and 4\ for  k =  0.050 . 0 . 025 , and 0. 125 inch, r e sp ec t iv el y) .

The balance itself was a f loa t ing  e lement, null r e t u r n  i n s t r u m e n t

(48)based on the des ign  of Coles . ins ta l l a tion  of the i~. s t r u men t  in the

flat plate was accompli shed by means  of 16 leveling s c r ew s  located

near  the outer ed ge of the balance table w h i c h  were  a l t e r n a te l y tapped

into the table and into the base  plate. Discon t inu i ty  in s u r f a c e  level

between the balance table su r face  and the surrounding plate s u r f a c e

was held to less than 0 .0001 inch for  the smooth flat p la te and less  than

0. 0002 inch for  the roug h pla tes .

The hot w i r e  a n e m o m e t e r  sys tem used in thi s e x p e r i m e n t  was  a

Shapi r o - E d w a r d s  constant  c u r r e n t  set with a half powe r f r eq u e n c y  of

320 KHz .  
(49 )

Exper imenta l  Procedure

The nozzle  contour  was set with the smooth s u r f a c e  to provide

u n i f o r m  Mach 6 flow in the tes t  sect ion , and this  contour  was not al tered

when d i f f e r e n t  s u r f a c e s  were  used.  A nominal  con tou r  was calculated

us ing  a method of cha rac t e r i s t i c s  computer  p r o g r a m  and correc t ing
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for the boundary layer displacement  th ickness .  Thi s contour  was then

adjusted (while the tunnel was running at opera t ing  condit ion s~ to mini-

mize f r e e s t r e a m  Mach number  va r i a t ions  in the tes t  sec t ion . The

center l ine  axial Mach d i s t r i bu t ion  achieved in this manner  is shown

in Fi g u r e  2 .

The s u r f a c e  plate l eng ths  were  such  t n t  the  l eadin e  ech.~c of

the third plate f rom the throat  was located at x = 25 . 4 - sevcr .~l

boundary t h i c k n e s s e s  downs t ream of the i n t e rs et i o n  of the t e s t

rhombus  with the wall .  All step changes  in s u rl a c i  roug hn e s s  o c c u r r e d

at this location. For the smooth s u r f a c e  to roug h s u r fac e  c o n fi r ur a t i o n s,

the su r face  of the two aft s ur f a c e  plate s co n s i s t e d  of the roug hness

il lustrated in Fig u r e  1 with one of th ree  roug h n e s s  hei ghts  (k = 0. 0125 ,

0. 02 5 and 0. 050 inch) .  P re limina ry  resu it~ of the smooth - to - rough

wall investigation revealed  that an axial d i s t a n c e  of some 8 inches

(10~ or Z O o ) was s~~ f icient  fo r  the d i s tu rbed  boundary  l ayer  to reach

a new mean flow equi l ibr ium state over the roug h wall . Based on thi s

info rma t ion, the roug h- to-smooth  wall step change model was con-

figured  with a smooth plate immediately downst ream of the throat ,

followed by rough su r face  (k = 0. 050 inch)  second plate , with the use

of two smooth sur face  plates downst ream of x = 25. 4 inches comp leting

the su r face  plate set. The length of the roug h wall section was 11.5

inches  - cons iderably more than the leng th found neces sa ry  for  the

at ta inment  of new mean flow equil ibr ium prof i les  in the absence  of

an axial p r es s u r e  gradien t .  The choice of k = 0 . 050 inch for  the

roug hness  hei g ht was predica ted  on the fac t  that  p re l imina ry  calcula-

tions indicated it would be in the full y roug h reg ime , while the other

~1~~ — :~~ 
---“ — _  - -— _ - -
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roug hness  hei ghts  would fal l  into the t rans i t ional ly roug h r e g i o n .

The low speed channel  below th e- f lat  p late  was  i f lst r l l !m n t t c

with two the rmocouples on the lower ~idc  of th~ ba se  p t. t t e s  on

the plate center l ine, two on the lower  side of the base  p late

adjacent  to a side wall , and two in  t he  low speed f low , t w o  in c h e s

below the base plate. With the tunnel  at o p e r a t a n i ~ condit ~o r s  th e

low speed hea te r  te m p e r a t u r e  was ad ju s t ed  ~o t h a t  the  tempera-

t u r e s  indicated by the two the rmocouples on th0 low sp eed s1~ie

of th e base plate were  the same a s  those  i nd ic a t e d  b y thei r

respect ive sur face  the rmocouples . The the rmocouple read-m!

were  monitored over a period of s eve ra l  h o u r s  ari d were  found

to remain constant .

The thermocouples nea r  the side walls ind ica ted  t - n i p ~~r t -

tures  within 2°F of those  on the tunnel cen te r l ine , in d i c a t m g

neg li g ible heat loss to the side walls . Th ere w a s  a somewha t

more severe  axial  t empera tu re  g rad ien t  n e a r  the af t  of the t e s t

section. This  gradient  was due to the p r es e n c e  of the support

s t ructure  fo r  the aft  end of the f lat  p late and could not be elim-

inated. The inf luence  of this  sli ght g rad ien t  on the plate tem-

p e r a t u r e  is cons idered  to have been neg li g ible as evidenced by

the v e ry  long section of cons tan t  plate t empera tu re  shown in

Figure 3.

A simple calculation based on the tunnel stagnation tem-

pera ture  indicates that  a recovery  t empera tu re  of 695 °R would

be expected . As shown in Figure  3 , the fl at plate t empera ture
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was o l 8 R , c o n s i d e r a b ly below the ant icipated value.  The r e a s o n

for  this d i sc repancy  is not ful l y unders tood , but it is b e l i e ve d  to be

due to a combinat ion of heat loss  f r o m  the ut : i r i su l a t ed  upper  n o zz l e

wall , and the inf luence  of t h roa t  cooling f a r  u p s t ro . in . ‘1 his  w:1l b~’

d i scussed  fu r the r  in the Results  and D i s c u s  s~ on s~~~. t i on , he tow .

Prior to the acquisi t ion of any data the f la t  p late wa s  b r o ug ht

up to within 1-3 °F of i ts  equi l ibr ium t empera tu re  over  its en t ir e

leng th . The t empera tu re  d i s t r ibu t ion  on the p late s u r f a c e  v.-ould

normal ly level out and reach  equi l ibr ium condit ions some 45 minutes

to 1 hour a f te r  tunnel s tartup.
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DATA REDUCTIO N

Pressure Data

The free stream Mach n u mb e r  was computed f rom thc f r e e

s t r eam total p r e s s u r e’  to s t a g n at i o n  p r e s s u re  r , t ~~1o a s s u m i n g  an

i s en t ropic expansion f r o m  the t h r o a t  to th ’-  f in a l  f low c o n d i t i o n- — .

The s ta t ic  p r e s s u r e  c o r r e s p o n d i ng  to t h i s  ~ t a c L  n u m ber  and stag-

nation p r e s s u r e  w a s  then computed  ( u s in g  - e n t r uu , 1er ~ t -ct  g a s

re la t ions)  and a ssu m e -d to be c o n st a i t ac r o s s  the  u o u n i l a r v  1: ;v & - r

(a s tat ic p r e s s u r e  t r a v e r s e-  e s tab l i s h e d  tbe -  v a l i d i t y  of  t h i s  a p p r o x i —

rnation).  The local m e a s u r e d  l i tot  p r e s s u r e , ~- r r e ’ c t , h  f o r  P ey n o l d s

number  e f fec t ~ us ing  th~ r e s u l t ~- of R a r n a sw t m y ,  w a s  used in

con junc t ion  with th i s  s t a t i c  p r e s su r e  to c om pu t e  t h e  local M a cb

number  f r o m  the ’ Ray lei g h P i t et  f o r m u la .

Total T e m pe rat u re  1)at.

The local total te m p e r a t u r e  was  d e t e r m ~ ncd us ing  the theory

of Behrens .~
47

~ Due ’ to the p r - be c o n s t r i c t i o n , it  w a s  not poss ible

to acquire data within 0 .0 3 0  inch of the w a l l , so a linear var ia t ion

of total t empera tu re  between the  l as t  m e a s u r e d  data point and the

wall temperature  was  a s sumed . Adiaba t ic , p er f e c t  gas re la t ions

were  used to compute the local st at i c  t empera tu re .

Hot Wire  Data

Quantitative in fo rmat ion  on the f luc tua t ing  flow proper t ies

was obtained f r o m  the hot wire m e a s u r e m e n ts  uti l izing the techniques

- ( 5 1 )  ( 5 2 )  . (43) (5~ )developed by K o v a s z n a y ,  Morkovin , K i s t l e r , Laufer ,

and Gr a n .~
49

~ The reduction of both mean and f luc tua t ing  flow hot

wire- data , in c I u d i n i ~ the end loss co r r ec ti on , is g iven in a condensed

f o r m  by G r a n .
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RESULTS AND DISCUSSION

Profile Data

Mean flow Pitot p r e s s u r e  and total t em per a t u r e  c l a t i  wer e

obtained throughout the boundary  l i v e r  at lea at  e v e r \ ’  two i n c he s

axially throug hout the tes t  sec t ion .  N e a r  the  .;tc1) change  in ro u L ’l~oes s ,

profile data were  oht t ined at one inc h axial  s p a cin g s .

Smooth Wall

Comparison of the smooth wall ve locity  p r o f i l e s  as p r e sen ted

in F ig u r e  4 r e ve al s  that the smooth p late bo ia ida  ry  1 cy o r  is ve r y

nea r ly self p r e s e r v i ng  d o w n s t r e a m  of x = 2~~. 4 . A small  a m o u n t  of

ad jus tment  in the shape is seen to occur  et ’v e e -n  ~‘: = 2 5 . 4  and x = 29. 4 .

followed by very  nea r ly iden t ica l  p r o f i l es  d o w n s t r e a m  to x = 35.4 .

However , the ve loc i ty  prof i le -  suddenl y b e - c u r r i e s  m o r e  ful l ’ nea r  the

wall at x = 27. 4. Althoug h no data d o w n s t r eam  of x = 17. 4 are

sented on the over lay  plot , the p r o f i l e -  data r e m a i n  - e l f -  s imi l a r  down-

s t ream to x = 4 7 . 4 .  The v e lo c i ty  p r o f i l e s  f o r  all the step change  con-

fi g u r a t i o n s  exhib i t  ~i n u i l a r  behavior  in  the v i c i n i ty  of x = 37. 4.

Comparable  p e r t u r b a t i o n s  a r t -  p r e sen t  in the dens i ty data . The profi le

in t eg ra l  data (to he d i s c u s s e d  l a t e r )  in Fi g u r e s  8 , 9 , 10 and 11 also

exhibit  sudden s h i f t s  in level in the v i c i n i t y  of x = 3 7 . 4 .

An examinat ion of the typ ica l  f r e e  s t ream Pitot p r es s u r e  distri-

bution (Fi g. 2)  o f f e r s  some ins i g ht into the cause  of these anomalies.

Small p r e s sur e  peaks are  seen to be c e n t e r e d  in the f r e e s t r e a m

(y = 1. 1 inches)  near  x = ~ 3 and x = 48 . This spacing is compatible

wi th  the ex i s tence  of a weak p r e s s u r e  wave which is re f l ec ted  off the

—

~

- - ~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~



--~~~~~~~~~ --~~~
- ‘- - - -

- i n -

upper nozzle  wall such that it i n t e r s e c t s  the lower  w a l l  b ounda r~

layer near x = 33 , reaches  the wall  near  x 40 and r e f l e c t s  f z ’ k

into the f r e e  s t ream nea r  x = 47 . Stat ic n r c ~~ s u r e  I rein wj d -1~ dis-

persed  smooth plate boundary la~ er su r - . cs  i n d i c a t e  that  such a

pr e s  sure wave does exa  st , ~Llt1ioug 1 i t  i S ’~~ . d~ — — ‘r l a x ~ n 1un i  p r e s s u r e

var ia t ion ac ross  the boundary  l ay e r  \ V l 5  o b s e r .  - ‘4 to be som e 7

at axial location 33. 4 .

Since all the data w e r e  r e d u c e d  as - n r i a u a r  0 , a ques t ion

a r i s e s  as to whether the observed  t ’f t e c I ~, of the ’  p r e s S u re  i’ . I V C

are  real  or due to the method of data r e d a c t i o n . Reduc t ion

of the smooth plate prof i le  data at x = 3 ~~. 4 and 39.4 u t i l iz In g

the m e a s u r e d  static p r es s u r e  d i s t r i b u ti on s  produced  v e l o c i t y  and

density p ro f i l e s  which we -re-  v e r y  s imi la r  between the two loc a t i o n s .

The e f f ec t  of the wave was observed  to be a slightly fu l l e r

velocity prof i le  c lo se  to the wall at x = 33 . 4 as compared to

x 39. 4. The ef fec t  of this  wave on the p ro f i l e  in tegra l  data

will be d i scussed  in a later section.  Thus , even though the

p r e s s u r e  var ia t ion ac ro s s  the boundary  layer  was small , the

assumpt ion  .~E. 0 is the major cause  of the non s e l f - s imi l a r

boundary layer profiles. The presence of the pressure wave

does a f fec t  the prof i les , but only sli ghtly. Use of the measured

static p r es s u r e  data was precluded by the limited amount

obtained (some four  axial  locations, all on the smooth pla te) ,

so the constant  p r e s s u r e  assumpt ion was utilized to produce the

da ta reported here .

—-- — -.~ —-—
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Comparison of the p r o f i l e  data fo r  the var ious  e’ ’ral i g u r , t t i u n —

was predica ted  on the fac t  t h at  a l though s t r i c t ly s imi la r  prol~~1es

could not be’ at tained fo r  an e x ten d e d  ~xi ,t1  d i s tance  due to t h e

p r es s u r e  w a v e , the e f f ec t  of thi s w av e  on t h e  p rof i le  should be

independent  of conf i g u ra t i o n .

Roug hness  Ef fec t s

The step c han g e  c e r a h c a i ’ t t n n  r u f a l e  d , t t t  a re’ prc~~e n tcr ’

in Fig u r e s  5, n and 7. A c u r se  rv cx ;t m in a t n c f  th~ oro l i l e

data reveals  that the step change  in r our  Liu Ss does , as  expected ,

introci r c e  si gn i f i can t  char ic ics  into the v ar i o u s  p r o f i l es  and resu l t s

in new equi l ib r ium or self — s imi la r  p r o f i l e s  some d i s t ance’  down-

s t ream.

The development  of the d i s tu rbed  boundary  l ayer  may

readily be observed  f r o m  over lays  of p rof i l e  data at p r o g r e s s i ve l y

g r ea t e r  d is tance  downs t ream of the th roa t  (Fi gs .  5 , t and 7).

The s m o o t h - t o - r o u gh wall development  as seen in these  fi g u r e s

is r ep re sen t a t i ve  of all the smoo th - to - rough confi g ur a t i o n s . An

increase  or dec rease  in roug h n e s s  s i ze  simply causes  a corre-

sponding i n c r e a s e  or decrease  in the magnitude of the observed

effects . The influence of the step change in roughness  is seen

to spread rap idly across  the ent i re  layer , caus ing  p r o g r e s s i v e ly

l a rge r  changes  as the layer continues downstream , until a new

equil ibr ium profi le  is assumed.

-4
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Ana ly s i s  of the  s m o ot h — t  — roug h c onf i gu rat io i i  
~ 

r o f i  ~~~‘ r e v e ,t l

that , for  all  quant i t ies  p resen ted, the at t a i n men t  of ,t ne”, equ i l ib r ium

pr o f i l e  i s  accom pl ished in approx ir r ia te l y t h e  ~~‘‘ne ax i a l  di  ~ 1 a n c  c ,

regardless of the roug h n es s  hei g ht .  ‘ n e  n - u  n r u f i ~ e~; a r e  def in i te 1y

es tab l i shed  3’~ i nches  d o w n s t r ea m  of i~~- t~~ ’~~~~t , co r r e sp o n d i ng  to

some 10 boundary  l ayer  t h i c k n ess e s  ( 6 )  or 20 d i sp lacement  thick-
5,

nesses (6 ) downstream of the  step c han ge .

The boundary layer appears  to take a slightl y greater distance

to adjus t  to the rough - t o - s m o o t h  step change , bu t  even in this case

the new e q u i l i b r i u m  prof i le  is d e f i n i t e ly e s tab l i shed  37 inches down-

s t r eam of the th roa t , some 146 or 266 * downs t ream of the step

change. Thus , althoug h the boundary  layer  adjusts  to the roug h- t o-

smooth step c h a n g e  somewhat  m o r e  slowl y than to the s m o o t h - t o - r o u gh

step change , the d i f f e r e n c e  in d i s t a n c e  involved is only some 3fl~ in

*t e r m s  of 5 , or 4 03~ in t e r m s  of 5.

Jacobs ’ -~~~~~ p e r f o r m ed  his  low speed wo rk in ful l y developed

c h a n n e l  f low on a tw o - d i m e n s i o n a l  roug hness  compr i sed  of t r a n s v e r se

r ec t angu la r  b a r s , lie found tha t  the roug h-to-  smooth s u r f a ce  c h a n d

i esui led in a new e q u i l i b r i u m  St at e  w i t h i n  17 channel  half  ht ’i g l t s ,

while the roug h- to - smooth  c h a n ge  took some 25 channel  ha l f  heig hts .
(14 55)an in c r e ase  of SO/n Antonia  and Luxton , w o r k i n g  w i t h  the

sa i i i e  type of roug hness  a s  used  h e r e  in a low- speed boundary layer .

foun d that less than 20 boundary  l aye r  t h i c k n e s s e s  were  requ i red

for  the flow over the  s m o o th - t o - r o ug h st ep to adapt  to the change ,

while af te r 16 boundary l aye r  t h i cknesses  the p r o f ile s  were  “fa r f r o m

-
~~~~~~~
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self p r e s e r vi ng ’’ f o r  the f low ov~ ‘r t he  rou~~h— I u — s r i  m o u t h  - - t ep .

The p r e s e n t  (l~tta , when  6’’ is reg i rded as  the- I l i i c l ; m m e s s  of t he  c

p r e ssi ble  b o u n d - cr y  l a yer , ir e  c o ns is ten t  v . m t h  the  r e s u l t ; of bo th

i n v e s t iga t i o n s .

C o m pa r i s o n  of the’ p r o f i l e  da t a  f o r  he  smooth  wa U C a s e  ar id

the roug h— t o — s m o o t h  ~;t e p  c l a ~~ii gc  c a s e  ( a s  px’~~~, ’ii ~ c d  in F i g u r e  7)

reveals  tha t  a l thoug h the f l o w  ove r  the si e;i c- h an e Joe  S a t ta io  n e w

equ i l ib r ium p ro f i l e s , they a r e  nu t  t he  s ame  as  the p r o f i l e s  f r  the

smooth wall . The  Ve locity , d e n s i ty  and Macli  n u m ber  p r o f i l e s  f o r

the  roug h- to-  smooth confi g ur a t i o n  a r e  found  to be c o n s id e r a b l y l ess

fu l l  th roug hout the bouncl o ry l a y e r  than the c o r r esp o n d i n g  s mo o t h

plate c o n Ia gu r at i o n  p r o f i l e s . Much s m a l l e r  d i f f e r e n c e s  a r e  ~ie ; t i c c - ab I e

in the to ta l  t e m per a t u r e  da ta .  T h u s  the  p r e s e n ce  of the  roug h w a l l

seems to g ive r i s e  to s O tf lt ’  n u l l —  re -v t ’  r s i b le  c han g e s  in the  b o u n d a ry

1 ty e r f low.

Rot t a~ ~~~ and B e r t r a m  and ~~~~~~ ~~~ have s u g ge s t e d  that  n o n —

e q u i l i b r i u m  or u p s t re am  h i s t o r y  e f f e c t s  may a c c o u n t  f o r  the  d i f f e r -

e n c e s  o b se r ve d  i n  n u z z l e  ~v c l l  and  f l a t  p la te  b o u n d a r y  l a y e r s .

l’c ’l lc ’ r ,~ ~~~ Vois  m e t , et a i .~ ~~~ S tu rt .k (6° ) 
and Bushnel l

c t  ,~~~ i v ’  i n v e s t i g a t e d the  u f f e c t s  of ups t r eam c o n d i t i o n s  on the

b ou n dar y  l ay er . The i r  f i n d i n g s i nd i ca t e  tha t  the p r o p e r t i e s  of the

no , ,z 1e -v~al l  b o u n d a ry  l ay e r s  ar e  indeed ve ry  s ens i t i ve  to c h a n g e s

in the  u p s t r e a m  wal l  t em p er a t u r e  and  f r ee s t r e a m  p r e s s u r e  g ra d i e n t s .

The e f f e c t  of the up s t r ea m  f a v o r a ble  p r e ss u r e  g rad i e n t  was  found by

Bushnel l  t ’t al . to re su i t  in  inc  r eased  fui lne  ss of the  veloci ty  p r o f i le

w h i le  not  si g n i f i c a n t l y a f f e c t i n g  the  t o t a l  t e m p e r a t u r e  p r o f i l e .  They
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quote the data of Feller and Jones in the Lang ley Mac h  b h~ g h t - n u 1 d s

number  tunnel  as revea l ing  a t endency  to r e l ax  f r o m  the cha r e t c - r ~ s t]

tunnel wall quadra t i c  total t em p e r a t u r e - vu l c i t \  va  r i ;t t i o n  to the u sua l

f l a t  p late l inear re la t ionship som e t O  b o u n d a ry  L i y  r t h i ck n e s s e s

d o w n s t r e a m  of the n o z z l e  ex i t .  If the  data of Fe l le r  m d  J on e s  could

be app lied to thi s work , thi s r e l ax a t i o n  t e n d e nc y would become ev iden t

some three fee t  downs t r eam of the end of the t e s t  sec t ion .

If the sub jec t ion  of the b o u n d a r y  l a y e r  to the roug h wall  ~e’ct ion

followed by the r e a d j u s t m e n t  to smooth v~al 1 condi t ions  p roduced  a l a rge

enoug h pe r tu rba t ion  to de s t roy  or si gn i f i can t l y d e c r e a s e  these  up~~tre ’am

p r e s s u r e  and t e m p er a t u r e  e f f ec t s , the ant ic ipated result would be a

somewhat  l e ss  full  veloci ty  p ro f i l e  and a more  n e a r l y Crocco T e m p e r a t u r e -

velocity va r ia t ion .  The obse rved  ve loc i ty prof i le  d i f f e r e n c e  s up p o r ts

such a hypothes is , as do the t e mp e r a t u r e - v e l o c i ty r e l a t i onsh ips pre-

sented in Fi g u r e  12 .

Prof i le  Integral  Data

6
‘ ( 1 -  Pu )d y

P uo e e

= 
pu (1 - -—~- ) d yp u  U

o e e e

H = o l e
6

H = 
PU (1 - T IT )d y

P u  t t6 0 e e  e

These  data a r e  tabulated in Table II and presented graphically in

Fi g u r es  8 , 9, 10 and 11 .

-

~~~~~ ~~ 
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~~~~~~
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As d i scus sed  ea r l i e r , the flow in the tes t  sect ion w her e  these

measuremen t s  were  obtained was c h a r a c t e r i z e d  by a f r et - s t r ea m

Mach n u m b e r  of . 02 ~ l~
’ where  the v a r i a t i o n s  in the Much  n u m ber

were  found to be c a u sed  b y the p r e s e n c e  of a w€ ’al: p r e s s u r e  wave.

The e f fec t  of thi s wave on the p r o f i l e  data was  d i s c u s s e d  e a r l i e r  with

respect  to the consequences  of u t i l i z i n g  the  t s s u m n p t i o n  = 0 fo r

the boundary  l aye r  r e d u c t i o n . The e f f e c t  of t h i s  a s s u m p t i o n  on the

in t eg ra l  data is  i l l u s t r a te d  in F ig u r e s  8, ~) , 10 and 11 w h e r e  the ~um-

m a r y  p a r a m e t e r s  r e su l t i ng  f r o m  the use of the measu red  stat ic pres-

sure  profi le  at two axial  loca t ions  on the  smooth wall arc ’ p lotted .

The ~.E = 0 a s s u m p t i o n  is observed to be the  major  r eason  for

the anomalous  behavior  of the m o m e n t u m  t h i c k ne s s  nea r  x = 35. Th is

a s sumpt ion , however , has  little e f f e c t  on the disp lacement th ickness

and enthal py f lux implying that  their  sudden  shif t  in level in the v ic in i ty

of x = 33 37 is due to the p re sence  of the weak p r e s s u r e  wave in the

tes t  sect ion.

The momentum in t eg ra l  equation fo r  a two dimensional, zero

p r e s s u r e  g rad i en t  f low such as this  may be wr i t t en

¶ Cw
dx 2 2

P ue e

The skin f r i c t i on  was d i rect ly measu red  ( through use  of the ski n f r i c tior

ba lance )  for  three  c onf igura t ions  (smooth plate and s m o o t h - t o - r o ug h

wall  with k = 0. 025 and 0 .050  inch)  at x = 27 .9  an d 47 . 9. These data

a r e  included in Table II. The data at x = 47 .9  were  used in the above

equation to de termine the ant ici pated st r eamwise  var ia t ion  of ~ for  the

v a r i o u s  conf i g u r a t i o n s . Lines  with the ap pr op r i a t e  s lopes  a re  f a i r ed
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throug h the data downst ream of x = 37 ( w h er e  the p re sence  of the pr e s-

sure wave has little ef fec t  on the data)  in Fi g u r e  9. The ac tua l  s t r e a m -

wise var ia t ion  ofC is seen to be in good ag r e e m e n t  wi th  thc  ca lcu la t ed

value for  all confi gura tions .

Examinat ion  of the data in F i gu r e s  8 -11  with the e f f e c t  of the

wave on the data  in the v i c i n i t y  of x = 3 3 - 3 7  in mind r evea l s  no sudden

c h a n g e s  due to the ex i s t ence  of a step ch a n g e  in roug h n e s s . T h e

p a r a m e t e r s  ar e  obse rved  to ad jus t  g r a d u a l ly to the ch a n g e  and to

approach  new e q u i l i b r i u m  behavior  in the v i c i n i t y  of x = 37 , j u s t  as

the mean flow p ro f i l e s  do.

T r a n s f o r m a t i o n  and Corre la t ion

As mentioned in the in t roduc t ion, there  exis ts  a mul t i tude  of

t r a n s f o r m a t i o n  techniques  fo r  cas t ing c o m p r e s s i bl e  veloci ty prof i le

data into an equivalent incompress ib le  f o r m , but severa l  recent

papers  includ ing Lewis , et al . , 
(62)  Keener  and Hop kins ,~

32
~ and Kemp

and Owen~
63

~ have fo und that the Van Dr i e s t  ~~~~ method accomplishes

this task as well as any of the o thers , and perhap s bette r than most.

Thi s occurs  in sp ite of the fac t  that it was one of the ear l ies t  developed ,

is based  on a less  f i r m  “theor~ tical ’ foundation , and is simp ler to use

than most.

Briefly, the Van Driest I transformation starts  with the assump-

tion of a Crocco tempera ture  dis t r ibut ion through the boundary layer ,

i .e.
T -T

t w _ __~_
T - T  ut w ee
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and u se s  the Prandtl  mixing length theory to de te rmine  the Rey nolds

s t ress  in the flow. The resul t  is a t r ans fo rmat ion  of the c o mp r e s s i b l e

veloci ty,  u , into an “incompress ib le ’ velocity u ’ via the equat ion

u~ 2A ’( ulu  ) - B
— 1 . -I  e 1 , - i  BU 

- 
= sin 2 2 ‘- 

+ A 
sin 

2 2 ( 3 )
I 

(B-~-4A )~ (B +4A )~

where A and B are parameters that depend on the temperature distri-

bution .

Van Dries t  deduced that this velocity would be corre la ted  by

* y u
=

U ~C— w

where

u = )‘T / pw W

= 0. 4  - Karman ’ s constant

= kinematic viscosity at the wall temperature

F = constant  dependent only on the boundary conditions

(i . e. f r ees t r eam p res su re  gradient  and wall

condi t ions)

The s imi lar i ty  of this equation and the law of the wall immediately

s u g g e s t s  the use of the law of the wall to corre la te  the t r ans fo rmed

velocities.  The f o r m  of the law of the wall to be used in this work

u~ = 1
~~~y~ + C +~~~w ( y/ 6 )  - (4)

where
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+
U = U /u ,~

+ y u ~
y = 

‘Iw

C = 5. 0 - universa l  constant

= wake s t reng th  p a r a m e t e r  dependent  on the f re e -

s t ream p r es s u r e  g r a d i e n t

w ( y / O )  2 sin2 (~~~
) - “ wake func tion ” sugges t ed  by Coles~

64
~

65
= Clause r ’ s~ 

- roug h wal l  velocity defect

1 k u
= 

_ ,~~~
____ L + D

~ w

D = a cons tant  dependent  onl y on the wall condit ions

As stated above , the Van Dr ies t  t r a n s f o r m a t i o n  is based on the

assumpt ion  of a Crocco t empera tu re  p rof i l e .  The t empera tu r e  prof i le

most often used to es t imate  t empera tu re  d i s t r ibu t ions  in boundary

layers  are  one due to Crocco and another g iven in Walz.~
66

~ Com-

par i son  of these  formulae  with the exper imental  data for  two sample

c a s e s  is made in Figure  12 where  it is evident that  while the trend

of the tempera ture -ve loc i ty relat ion is r ep resen ted  by both prof i les ,

neithe r is a good approximation.  Also  shown is a least  squa re s

quadrat ic  curve fit to the data for  each case.

Sinc e the Crocco distribution is such a poor fit to the data ,

doub t is cast  on the validity of the t ransformat ion for  the velocity

data . It is  readi ly ve r i f i ed , however , that the Van D r i e s t  t rans for -

mat ion  may be a l t e red  to u t i l i ze  the coeff ic ients  of the curve fi t  to

—
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the actual  data in evaluating A and B in equat ion  (3) .  Both the G r e e c e ,

and empir ical  t e m p e r a t u r e  d i s t r i b u t i o n s  were  used  in an  at tempt to

corre la te the data. The t r a n s f o r m a t i o n  of the velocity data v ia  the

‘ modified’’ van  Dr ies t  r e l a t i onsh ip r e s u l t e d  in a bette r c o r r e ’ l a t i c r,

(in the sense  that the deduced sk in  f r i c t ~un  was  c l o s e r  to the m e a s u r e d

value)  fo r  the smooth p la te  cloG’ at  x 47 . Thi s p r o c e d u r e  y i e l d e d  a

skin f r i c t ion  within l - ~ of the m e a s u r e d  va lue  while the use  et the

standard Van D r i e s t  t r a n s f o r m at i o n  re - s u i te d  in a sk ;n  f r i c t m o n  value

some 8’~ lower .  The modif ied  f o r m  of the  t r a n s f o r m a t i o n  has  O u c n

used exc lus ive ly in the resul t s d i s cus sed  below .

Fi gure  13 p r es e n t s  the results  of two cor re la t ions, both at

x = 47 . 4 inches  f r o m  the throat.  The cor re la t ion  of the smooth wall

data was computed , as indicated ea r l i e r , a s s u m i n g  Au Iu ~ 
= 0 while

the roug h wall cor re la t ion  was based on the m e a s u r e d  skin f r i c t ion  at

that location. A compar ison  of Coles ’ wake func t ion  with the actual

data is made in Figure  14. In both fi g u r e s  the f i t  of the data is seen

to be excellent.

Correlation Resul ts

The var ious  p a r a m e t e r s  result ing f rom the curvef i t s  a r e

presented  in Table II with g r a p hical  p r e s en t e n t a t i o n  made in F i g u r e s

15 , 16 and 17. A cu r so ry  examination of these fi g u r e s  reveals  the

exis tence of sudden shif ts  in the p a r ame te r  values  at axial locat ions

of 33 to 39 inche s f r om  the throat .  Thi s is the same reg ion in which

changes  occur red  in the prof i le  shapes and the integral  p roper t i e s ,

indica t ing  that these  anomal ies  are also due to the prev ious ly

a - ---— - -—~~~~~~~~~~~~~~~
- - -- - •
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d iscussed  p r e s s u r e  wave and data reduct ion t echn iques .

The wake s t rength pa rameter ~ (Fi g. 15)  is observed

to vary  be tessn  1. 1 and 1. 6 fp r  all conf i g u r a t i o n s . Thi s is

si gn i f ican t ly l a r g e r  than the value of 0. 61 advanced  by Colcs~~
’
~~’

as being the r ep resen ta t ive  value fo r  the i n c o m p r e s s i b l e, s mooth ,

f lat  plate equi l ibr ium boundary  l aye r .  Once again , the e f fec t

d ‘ ‘of the dy 
= 0 assumpt ion  in data reduc t ion  w a s  invest :gat ed  and

found to be the cause  of the l a r g e  change  in level be tween  x = 3 3

and x = 39 (Fi g. 15). As stated above , onl y the wake s t r eng th

p a r a m e t e r s  for the smooth wal l  case  and those at x = 25. 4 and

47 . 4 for  the step change confi gura t ions  were  computed f r om  the

curvef i t .  All o thers  were  est imated f r o m  these values , as  dis-

cussed  in the T r a n s f o r m a t i o n  and Correla t ion sect ion.

The existence of such a l a rge  iT p a rameter is in cont ras t

to the resu l t s  of Keener  and Hopkins~
32

~ at Mach 7 (~ = 0. 4)

and those of Lewi s, et al . 
( 6 2 )  at Mach 4 (ii = 0 . 6) .  The data

of Reda , et a1.~~
67

~ at Mach 2 .9  y ield s ~r = 1. 2 , while those

of Owen , et al. 
(44) 

at Mach 7 yield = 0. 8. Laderman and ’

Demet r i ades~
45

~ at Mach 9 repor t  ii = 1. 4. In all cases  the

Van Dr ies t  t r a n s f o r m a t i o n  was used to cast  the veloci ty  data

into an “ i n c o m p r e s s i b l e” fo rm for  use in the cor re la t ion. Only

ha -c r i e r and Hop k i n s  have inves t igated the e f fec t  on the t ransfor -

mat ion of u s ing  a fit of the actual data in place of the usual

a — - ‘ - —  
.
~~~~~~~~~ ~~~~~~~~~~~~~
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Crocco dis tr ibution . They concluded , as did the author  above ,

that the use of the measured tempera ture  velocity re la t ionship

resulted in better cor re la t ion  r esu1t ~ and a somewhat  hi g her

value for  ir , compared to the r e s u l t s  a c h i c ’v , - d  u t i l i z in ~ the Crucco

dis tr ibut ion.

The corre la t ion skin f r ic ’ t~on r e s u lt s ore  pr~ se nt e e  in

Figure  It ) , along with the me’~ su re ’d skin f r c t i e n . The meas ’ r e d

skin f r i c t ion  at x = 47. 9 for  the two smoo th- to - rough wal l  con-

fi gura t ion s was used to de te rmine  ii in the co r re la t ion , so

any d i sagreement  of the computed and measured  values  wou ld

be indicative of problems in the co r re l a t ion  p rocedure .  The

skin f r i c t ion  m e a s u r e m e nt s  at x = 27 .9  fo r  the step change

configurat ion and at x 47. 9 for  the smooth plat e, however ,

were not used as inputs  to the co r re l a t ion. The excellent  agree-

ment of the computed skin f r i c t i o n  with the measured  value s for

the smooth plate and k = 0. 02 5 inch s tep-change  confi g u r a t i o n s

is conclusive evidence that the corre la t ion p r o c e d u r e  is val id

and that  it may be used in a n o n -e q u i l i b r i u m  reg ion wi th  g r e a t

success .  D i sag reemen t  of the computed skin f r i c t i o n  with that

measured at x = 27 .9 for the k = 0.050  inch smoo th - to - rough

step conf i g u r a t i o n  and the behavior of the computed skin f r ic t ion

in the vicinity of the step indicate that the perturbat ion of the

flow due to the large roug hness hei ght is too large for  the

____________
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corre la t ion to be succe s s fu l .  The r o u g h - t o - s m o o t h  r e s u l t  ,

on the other  hand , indica te  a v e r y  s i i i uo t h  and ru l o t i ’,’cl~ r ap i d

t r ans i t ion  to the downs t r eam v a lu e s . A l ’J~eu g h  no mea~~u re e

va lues  or e  avai lable  f o r  comp r i so n  ft ‘ .~e’ r en d s ind ica te

that the co rre la t ion  is app l icable  f i , r t h i s uon f  c~u r at ie ) fl . I”,’cfl

though the roug hness  hei g ht is the s O r f l e  a s  that  in the  smooth-

t o — r o u g h step where the co r r e l a t i on  w a s  found to be in v a l i d .

The roug hness  induced ve loc i ty  shi f t  data in Fig u r e  17

(
~~~~~~1 is  f rom equat ion  (3)  above)  tend to support  t hese  conclus ions ,

althoug h the scat ter  in the k = 0. 0125 in c h  smoo th - to - roug h

configurat ion would , by it se lf , g ive r i se  to doubts about the

applicability of the corre la t ion  in thi s c a se .  In the li g ht of

its suitability fo r  the k 0. 025 inch conf igu ra t ion , however , this

scat ter  is a t t r ibuted to the use  of the same r (x)  d is t r ibut ion

for  k = 0. 0 125 inch as was de te rmined  for  the k = 0 . 02 5  inch

confi gura t ion .  The sig n i f i c a n t  inc rease ’  in the value of

immediately d o w n s t r e a m  of the step for  the k = 0. 050 inch

smooth- to- rough case cor respond s to ei ther  a si gn i fi can t  d e c r e a s e

in 
~~~ 

(as sc-en in Fig. 16) or a si gn i f i can t  i nc rease  in the

velocity a c r o s s  the boundary layer .  Ne i the r  of these e f fec t s

would be expected and neithe r is observed for  the othe r con-

fi gura t ion s , thus substantiat ing doubts about the cor re la t ion’ s

validity in the step reg ion fo r  thi s roug hness.  The rough- to-

- 

smooth velocity de fec t , however , is observed to adjus t  gradua lly 

‘
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to the smooth wall conditions , pausing at a somewhat  low value

in the vicini ty of x = 37 - 41 before  a t ta in ing its smooth wall

value of 0.

The examination of the c u r v e f i t  re sults  to this point has

thus y ielded the following resu l t s :

1. The assumed fo r m  of the la w- o f - t h e-w al l  co r re la te s

the equi l ibr ium smooth data very  well , jud g ing b y the a c c u r a cy

with which the skin f r ic t ion  was computed.

2. The correlat ion is app licable in the non-equ i l ib r ium

flow reg ion immediatel y downs t r eam of a step chang e in roug h-

ness , provided the change is not too large  (what constitutes

“ la rge” cannot be deduced on the basis  of these  resu l t s ).

3. The boundary  layer  adjusts  gradua lly to the step

change , a s suming  the p roper t i es  appropr ia te  to the new wall

condit ion onl y a cons iderab le  d is tance  downs t ream (the same

location as that at which new equil ibrium p r o f i l e s  a re  obse rved ) .

(14)Thi s is in c o n t r a s t  to the f ind ing  of Antonia and Luxton

(for  a smooth-to~~roug h step change)  that ad ju s tmen t  to the

rough wall c ondition is made within th ree  or four  boundary

layer  th i cknesses  following an init ial  overshoot  to a level above

(55 )that fi nally at tained.  Antonia and Luxton S resul ts  for  a

rough-to-smooth change are consistent with those found here ,

i . e. T c h a n g e s  gradually to the value appriate for the smooth

wall.

- _ _ _ _ _ _ _ _ _ _
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Quant it a t ive  Roug hn ess  E f f e c t s

One convenient  m ethod of d 1 se r i b i ng  any g iven  roug hne’ a a is  I i ’

de termine i ts  ‘‘ eq uiva len t  sand 1’, r a in  ‘ r ci u~’l1n , ’  ss , which is  d e f i i i ~. t 1 a ;

the  h e i g ht of Nikuradse ’ s sand ~‘r ~~~n ~
‘ ug l i n e s s  wh i u h  would  be r e ’c i a i  r ed

to produce the sam e veloc i ty  d c - i c c  t . ‘ I ’  l i t ’ iib t ’ c t r ou g h :  a’s s, Ia ‘‘-ve V a r ,

must be ‘‘fully rough ,’’ i. c . it m u s t  h ~ve a 1’ ~~~ enoug h roug ho’’ s a

Reynolds number  that the law of the \‘.- tlI 1na ’~ ha ’ expressed  in the

fo r mn

u = -~ -~~ 7I y / k  + s in ’~ (~
TIX

) 4- 1) ( 5)

Dvo rak (4U p r e s e n t s  tenta t ive  c r i ter i a  fo r  the upper  l imit  of the tran-

sitionally smooth regime which in d i cat e  that the c r i t i c a l  roug hness
ku

Reynold s number  f o - ’  this  p a r t i c u l a r  roug h n e s s  is k (= ~~ _I~ ) 30 .

Thus the Ic = 0. 050 i n ch  roug hness  (k = 33. 8 f r o m  m e a s u r e men t s)

would be cons idered  “it ’ll y roug h , ” while the Ic = 0. 012 5 inch and

Ic = 0. 02 5 inch roughness  hei gh t s  (k+ 
= 7. 1 and 14. 9 , r e spec t ive ly)

would fal l  into the t r a n s i t i o n a l ly roug h reg ime.

For the full y roug h reg ime , the r es u l t s  of Nikuradse  fo r  in-

compress ib le  pi pe f l o w  ( w h er e  t h e r e  is no “ wake ” f u n c t i o n )  may

(1 6 8 )be r ep re sen ted  by

u ~~L~’: y / k  8 .5

= .~-e- ~ y
f 

- .
~~
‘ Q~n k + 8.5 ( 6)

where Ic 5 is the sand g r a i n  roug h n e s s  hei ght. The smooth wall resu l t s

of N i k u r ,t d se  a r e  cor r e l a t ed  by

1 ,  4 -u = ‘~‘v, y 5 .5

L a  
-~~ _ _ _
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Equation (6) may be i’ewr  t t e ’ j i  ~ s

u~ = !~~‘ y
’ -t 5 ,5_ i~

U

where

I t -
= ‘~~t 7~k - 3 . 0 ( 7 )

which yields

-I K ($
k = &‘ ( 8 )

As  b e f o r e , the e f f e c t  of e o t n p r e s s i h i i - t t y is  to r e q u i re ’ the ~is~’ of  V in

place of V .

The app 1i c ~it i  on of eq u a t i o n  ( 8) to I lie’ veloc i ty  de f ee t  of the

k = 0.050 inch  roug h ne s s  f r o m  Fi g ur e  33 (~~~~~
= 6 .5 )  y i e ld s  k~ = 44. 7 at’ ,

since k 33 .8, k / h = 1 . 3 . R e t u r n i n g  fo r  a moir ic ’n t  to the low sp eed

c o r re l at i o n  r e s u l t s  of Dv o rak  and B e t t e r ni a r i  (and  ex tended  by

and l) i rling (70 )  to o t h e r  g t ’o me t  r i c a  with g c t c ) ( I  r e su l t  s) ,  t h e  e f f ec t  of

the square b,L r  roug h n es s  wi t h  ~ /k = X ( w a v e l e n g t h — t o — h e i g ht r a t i u )

< 4. 7 i s  found to bt ’

= ~- .“Y  ~ 17 . 35 (0. 705 ~r X - 1 )  (9)

which y ie lds , f o r  k
t 

= ~l .8 , ~ = 4

8. 4

The va l id i ty  of t h i s  eq u a t i o n  is l imi ted  to the  f u l l y roug h r eg ime

(k
4 
~ 70); howeve r, 1c = 45 is  close  enoug h to  th i s  reg i m e  that  no l ar g e

Au -e’ r ror  a a r .’ in t r o d u c e d  (— v ar’ i  t ’S l i t t le  f r o m  the  ful l y roug h r e l a t i o n —  —

set ’  F ig .  18. ‘I bi s is  si g n if i c a n t l y h i g h e r  than the observed value

(Fi g. 1 7)  of 6. 5 - - s o m e  30~ hi g her .  The use  of equat ion (8) w i th

- ~ 4 y i e l d s  k /k & 8 --more  than  double the  ac tua l  value of 1. 3 

~-= - - : ~1~1,, . ‘
~~~~~~~ :‘t ,..~~~~:
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calculated above. These resul ts  i l lus t ra te  quite g r ap h ica l l y the

inability of the low speed co r re l a t ion  resul ts  of Dvorak , l h ’t t e rm a n ,

Simpson and Dirling to c o r r e l a t e  the p resen t  hyper  sonic da ta .

The cu r ren t  data a re  p resen ted , alora~ with p r ev i o us l y pub-

l ished data , in F igu re s  18 and 19. U se  of thu equiva len t  sand g r a in

roug hness  R ey n o l d s number  in the ah s c i s s~ e f f e c t s t h i & ’ col lap ~-e o f

data for  seve ra l  roug hness  confi gu ra t i ons  and Mach n u m be  rs r a n t :

f r o m  0 to ~ into a sini.~l& ’ , well def ined curve  in ‘ j u th  c a s es . The san u

g r a i n  roug hness  un less  o the rwise  noted , was c u t i i o u t e d o r  i, ’;tc h ~- e t
k u

of data by choos ing  a value of ~~, in the ful l y r ou~~h i r e g i me  and

ut i l iz ing  the a sso c i a t e d  value of ~~~ in equat ion 8 above.  I I :  -

value of k was  then used to p lot all data p o in t s  for  t ha t  conf i gu r e  tu ’a .

When p resen ted  in this m a n n e r, a sing le cu rve  is s u f h e  ~ef l t  tu

d e s c r i b e  the data in F igure  18. For k > 70 the a p p r o p r i a te  equa t ion

- ,~u 1 + -is  — = ‘
~~ 

k - . 0. An equat ion of the f o r m  su g g e s t e d  by Dvorak

may be used  t o  d e s c r i b e  the t rend  of the data in t In . ’ t r a n s i t i o n a l ly

r o u g h  r e L ! l m e’ . Such an equat ion i s  p r e s e n t e d  in Fi g u r e  18 . 1 lie

va lue  i t y  de fec t  and its f i r s t  ‘lerivative were  s p e c i f i e d  to van i sh  at

= 3. 5 and to match  the fully roug h values at k~ = 70.

The data in Fi gure  19 are  adequately r ep re sen t ed  by the equat ion

Cf +
— = 0 . 39(~~~k - 2 . 3)  + 1. 0Cr a

‘0

Thu s , once the e f fec t ive  sand gra in  roug hness  is known, the ef fec t  of

su r face  roughnes s  en the skin f r ic t ion  and velocity defec t may r eadi ly

be d e t e r m i n e d .  T 1ic only problem that  r e m a i n s  is the d e t e r m i n a t i o n

of the equivalent  roug h n e s s , which  is bas ica l ly what is accomplished

L_. - - 
-- ~~~~~~
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—
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by the c o r r e l a t i o n s  of Din ing and the  o thers  m e n t i o n e d  p r e v i u :slv .

However , these  correlat ion s were ’ found to lie i napp l i e a b l t -  f o r  tb

flow conditions. A brief discussion of the’ Ih ”~v over tI1 ’ type  ol’

rough n e s s  is in order .

The data of Liu , et al . 
( 7 )  w t ’ r -  ob t , , inc d  on t r a n s v t ’r s e  squa re ’

bar roug hness  wi th  a w a v e len g t h  of 4 in lu w  ‘~pe e’d \ ‘; , ,ter  h o w  - and

the i r  r e ’su l ts  i n d i c at e an e q u i v a ie ’nt r o ugh n e  ~-s ~~ k = ~~. 3k , ~~ n y

close to the value  ot k = ~~~. 7 fo r  thc w o r k  of h’c’t te rmnan . T he r e - s u i t5

of B e t t e rm a n  i n d i c a t e  tha t  fo r  X in the v i c i n i t y  of 4 , the e f f e c t I v e n e s s

is ex t remely sens i t ive  to smal l  c h a n ge s . The v i s u al i a , ; t i on  w o r k  of

Liu , et al . r e v e a l ed  that  in the v ic in it y of \ = 4, the c h a r a c ter  of the

flow in the cavity b e t w e e n  the roug h n e s s  e l emen t s  ch a n g e s  r a d ic a l l y.

For X cons ide rab ly l e s s  than  4 , the’ f low comp letel y b r i d g e s  thc e’ , t v j t v

(the ‘ d ’  type flow of P e r r y ,  at  al . ~~~~ , c re a t i n g  an “ ope n ” cav i t y ,

while for  \ much l ar g e r  tha n 4 , the flow re ’a t t , t (  hes  to the c a v i t y  f l o o r ,

c r e a t i n g  two d i s t i n c t  s epa ra t ion  reg i o n s  wi th in  the (‘~t \ ’ i t y  (a ‘ ‘ c l o a e ’d ’

cavity \ . The t r a n s i ti on  f r o m  u f le  t y p e ’  af  a vity  t a  the ’ a f t e r  oces  r —

fo r  \ s o m e w h e re  in the r a ng e  of ~ to 8. Thi s exp l a i n s  the sudden

s h i f t  in slope of the c o r r e l a t i o n  r e s u l t s  of D i rl i ng  as  pre’sentecl  in

Fi g u re  20 f r o m  M i l l s  and Cour tney ~
71

~~). As  \ i n c r e a s e s  f r o m  ~ , the

v o r t ex  s t r u c t u r e  w i t h i n  the cavi ty  is s t re tched  and p r e s s u r e  communi -

e’ation between the u p s t r e a m  and d o w n s t r e a m  f ac e s  is d e c r e a s e d ,

r ” s u l t : n~ in i n c re a se d  p r e s s u r e  d r a g .  The m a x i m u m  d r a g  is  r eached

ve ry n ea r  the va lue  of \ at which  r ca t t ,~ch m cn t  occurs , for then the

p r e s s u r e  d rag  on the  f aces  h a~ reached  the m a x i m u m  and any increase

in Sp a e ’ i f l g  s imply produces  l e ss  f o r c e  per un i t  len izth , and , therefore ,

L. - - 
-
-
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-
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l e s s  d r a g  per  uni t  leng th . The slope c ha n g e  o c c u r s  at a v ’t l u u  a~’ X

sli g htl y above 4 , c o r r e s p o n d i n g  to the c h a nL e  between  open and c i a - e d

c a v i t y  f low .

C har w at , et a!. ~ have investi gated higher speed f low over

t w o  d i m e nsi o n a l  t r a n s v e r s e  n o t c h e s  and c o n c l u d e  t hat  f , r  s u p e r s o n i c

flow over  l a rg e  cav i t i e s , c losed c a v i t y  f lo w  ‘x ~ at  f o r  \ > 12 tn ’i open

cavi ty  f low e’x i s t s  f o r  \ < 10. The o b s e r v t t : a r  of a c r o s s o v e r  po in t

n e a r  \ = 4 f o r  subson ic  f low is  a lso  made , s up p o r t i n g  the  W a  los ‘on s

of Liu , et a!.

In conclusion , the data  a c q u i r e d  in t h i s  work  fo r  e q u ’ l i hr i u m

r ou g h  wa i l  f low show good a g r e e ’r i i en t  w i t h  1) r cv io~1s1 y publ i  i- 11 ’d d a t e

when c o r r e l a t e d  with r e s p e c t  to Reyno lds  n u m ber  bai-ed on the equiv~~1ent

sand g r a i n  r o u gh n e s s  hei g ht. The equ iva len t  roug h n e ss , h ow e ver , is

found to be s i g n i f i c a n t ly a l te red  f r o m  tha t  f o r  i dc n t ~ca l  r o u g h n e s s  i t :

low speed f l o w . These  data  suppor t  the c l a i m  a d van c e d  by Mi l l s  and

C o u r t n e y ,  ( 1 )  and o the r s  tha t  once the e qu i va l e n t  sand gr a i n  rough-

ness is determined , the effect of a g i v e n  roug h n e s s  on the  sk in  f r i c t i o n

and ve loc i ty  may readi ly be d e t e r m i n e d  (i .  e. Fi g s . 15 and 19). The

de t e rmina t ion  of equivalent  sand g r a i n  roug hness , however , is not a

t r i v i a l  m a t t e r , a s  demons t r a t ed  by the resu l t s  of thi s work .  In par-

t i cu l a r , the extrapolat ion of any low speed co r re l a t ion  fo r  e q u i v a l e n t

sand g ra i n  roug h n e s s , such  as that  of D i r l i n g ,  ( 0 )  to hi g he r  spe ’ed

f l o w s  m u s t  be viewed as hi g hl y suscept ib le  to ve ry  l a r g e  e r ro r s .

F ’luc tuat ion  Data

P r e l i m i n a r y  anal ys i s  of the data dur ing the acquisi t ion p hase

of th i s  work indicated that the data were  of reasonable magni tude  and
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and p osses sed  the anticipated prof i le  shape. Later comp let . ’  r t ’e -,,c t : u n

and extensive analys i s  revealed that  some of the da ta  we ’ r e  o b v i o u s  lv

in e r ro r , but it was not possible  to r e p e a t  the me a s u r e m e n t s. A s  a

r e su l t , f luctuat ion data for some of the wall  conf i g u r at i o n -~ it son:e

axial locat ions were d i scarded  and a re  not i n c l u d e d  in thi s d i s c u s s i o n.

The fluctuation magnitudes, as  d i s c us s ed  he re in , contain  r L t h l e r

l a rge  e r ro r  bands- -p robab ly 10 -20 ~
’ on a po in t  by point  b a s i s . Ho w-

ever , when cons ide red  in conjunct ion  with data  at other  points  th roug h-

out the boundary  layer , very de f in i t e  t r e n d s  which do not depend on the

magni tude  ac c u r a c y  a re  observed . In addi t ion , the c o n s i s t e n cy  of the

observed  magni tudes  lends considerable  c red i t  to the i r  validi ty ,

Fluctuation data a re  p r e sen t ed  as m a s s  f lux f luc tua t ions

total t e mp e r a t u r e  f luc tua t ions  
\

/
~~~~~~

/T t ) ,  and the

assoc ia ted  co r re la t ion  coe f f i c ien t  R = m f a / 
‘ ‘ 2  t T~~ )‘ mT~ t \ t

f o r  all wall  conf ig u r a t i o n s  in Figur es 21 , 22 , and 23. No

smooth wall data were  obtained at x = 24 . 4 , and where  data fo r

a pa r t i cu l a r  conf i gura t ion  have been omit ted , the data w e r e  found

to be in e r r o r .

Her e , as for  the mean flow data , the prof i les  at va r ious

axial  locat ions  we r e  compared to de te rmine  where the p r o f i l e s

ceased to show d i sce rn ib l e  change.  The boundary layer  down-

s t r eam of th i s  location was then def ined as an equi l ibr ium or

self pr e s e r v i ng  l ayer .  In the case  of the mean flow data , the

number  of axial locations and the high resolution of the data y ielded

- - ~~
_
I~~~~~_ 

~~ - -~~~~~ ~~~~~~~~~~~~~ T.T ,
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fa i r ly definitive results . For the f luctuation data , h o wev e r , data

were obtained at f a r  fewer  axial stations and the data s c a t ter

was much greate r . As a resul t , the axial location at which

the profi les  become self s imi la r  is f a r  more  d i f f i c u l t  to locat ” ,

Data cons iderab ly downs t r eam of the t e s t  sect ion would be

requi red  to ve r i f y that equ i l ib r ium p r o f i l e s  actually a re estab-

lished.

Smooth Wall

The smooth wall configuration serves as a reference for deter-

mining the roug hness  induced e f f e c t s , and as such , will be d i s c u s s e d

f i r s t .  Examinat ion  of the m ass  flux (r ~i) and total  t e m p e r a t u r e  (T i
)

f luctuat ion prof i les  reveals  that  both p ro f i l e s  become ?fulle r t as the

axial  d i s t ance  i n c r e a s e s  f r o m  27 , 4 to 39. 4 inches  f rom the th roa t  and

then remain  essen t i a l ly cons tan t  downs t ream to x = 45. 4. Thu s , al-

thoug h the mean f low p ro f i l e s , as d i s c u s s e d  above , indicate  that mean

flow equ i l i b r ium on the smooth wall is  achieved near  the ups t r eam end

of the tes t  rhombus , the fluctuation p r o p e r t i e s  d o  not achieve a self

simila r or equi l ibr ium state unti l some d i s t ance  downs t ream, between

x 33 and x = 39 , some 14 to 20 inches  (18 to 256)  downs t ream of the

test section boundary .  It appears  that the fluctuation levels characteris-

tic of the smooth wall a re  suppressed  in the favorable  p r e s s u r e  g r a d i e n t

flow crea ted  by the nozzle  and gradual l y relax to an equ i l ib r ium prof i l e

(7 3) ,once f ree  of the large gradient.  The data of Rose indicate t~’iat the fluc-

tuation magni tude  in a compress ib le  flow is si gni ficant ly a f fec ted  by pres-

sure g rad i en t s , with a favorable  grad ien t  caus ing  a d e c r e a s e  in magni tude .
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Comparison of the smooth wall da ’a wi th t h a t  o bt a i ned  by

- ‘ (43 ) - (75 ) ( 7~ -Kistler , Laderman and De m et r i ;t de s  and Owen et  al . ‘ is

made in Figure  24 (rep lotted f r o m  Owen , et al . ). The vr e s e n t  d ’ l a

are  observed to agree  quite wel l  wi th  th e M - 1. 72 r e s u l t s  of I ’I i s L h : r ,

in oppc)sit ion to his f ind ings  t h a t  all ih~ quaa~itie a i n c r e a se  with ~~ ~ch

number  in the  ~~~
‘ ich number  r ange  of 1. 7 to ‘1~ 7 . Although Owen ,

et al . a t t r ibu te  the d i f f e  r ( ’n co s  be tween  Kist l er ~ a r esu l t s  and the i r  own

to heat t r a n s f er e f f e c t s , the  p r e s e n t  data  do not s u b s t a n t i a t e  5U~~ li 0

claim, for  in sp ite of the p r e sen t  ad i a b a t i c  f b i-/ i c wal l , the dat a  do

nut  agree  with the t rend s e st ab ~ished  b y K i s t l e ’r ’ s r e s u l t s .

Smooth— to — Roug h 1’ rans i t ion

Examina t ion  of the  smooth - to - rough wall configu ra t ion  data

(Fi gs.  21 , 22 , and 23) reveals  that s e l f — s i m i l a r  shapes (within the

a c c u r a c y  of the data) are  a t ta ined  fo r  the r~i f l u c t u a t i o n  p ro f i l e s  up-

s t r eam of x = 39 inches  for  all  roughne ss s iz es . Equi l ibr ium prof i l e s

for  the Tt f luc tua t ions  are  a tta ined  somewhat  l a t e r , be tween  x 39. 4

an d x = 45. 4 , as v e r i f i e d  by the ava i lab le  x = 51. 4 data . Following

the s m o o t h — t o — r o u gh wall step c han ge , then , a definite p a t t e r n  is

n ot e d- - t~~e m ean f low data ~‘re the f i r s t  to a t t a in  n ew  equi l ib r ium pro-

f i l e  a , fol lowed by the ma:; a f l ux  ~l u - t u a t i o n  data , fo l lowed in tai ’ ii  ~iy

the total t e m p e rat u r e  f luctuat ion d ata . Th i s  p rog re s s ion  is a con se-

quence, of the m a n n e r  in which the roug hnes s  i n t e r ac t s  with the boundary

lay er  to p roduce  the m a s s  flux and total  t e mp e r a t u r e  f l uc tua t i ons. The

roughness  actual ly induces velocity  f luctuat ions which in terac t  with

the mean flow to resu l t  in m a s s  f lux  f luc tua t ions  ~vhi~~h in t u r n  in te rac t

with the mean flow and velocity fluctuations to cr ea t e  tota l t empera tu re

— -— - - —  -~~~~~ .- -4 
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f luctuat ions .  Thus , b e f o r e  the f l u c t u a t i o n s  can r e a c h  e q u i l i b r i u m  levc~ s,

the mean f low must  be in e q u i l i b r i um , and s ince  it f in i te  a mou n t

time is required for  rh f l u c t u a t i o n s  to respond to a change in cne,,n

flow condit ions , t h e r e  will be a t ime (oiid d i s t a n c e )  lag l ) r iu r  to t u e

es tab l i shment  of r~m equ i l ib r ium p r o f i l e s . In the same manne r , the

Tt 
f luctuat ions  are  dependent  upon the  i n te r ~~c t iu n  of t h e  m ean flow

and ri-i fluctuations , and so wi l t  r e ac h  eq u i l i b r i u m  even lat e r  in t ime

and further downstream.

Roug hness  e f f e c t s  ( the inc r ea se  in f l u c t uat i o n  l eve l s  with re-

spect to those over a smooth w a l l )  are ’ r e ad i ly ap p a r en t  at  x = 27 . 4,

remain about constant in the inner half of the pr o f i l e  but i n c r e a s e  in

the outer section at x = 33 . 4, and then  d e c r e ase  somewhat  at x = 4 5.  4.

The actual roug h wall f luc tua t ion  magni tudes , on the o the r  hand ,

develop to a self s imi lar  shape p r io r  to x = 39. 4. The i t u p t r e n t

decrease  in the e f f t ~ct of rough n e s s  ( s m a l l e r  ~:mnoun t  of i n c r e a s e  due

to the roug h n e s s ) ,  then , is due not to a dec m ’ ease  in the  roug h wal l

f l u c t u a t i o n  levels , but  to in inc  m’e’ase in the  sm ooth wa l l  l e ve l s . As

d i s c u s s e d  pr e v i o u s ly,  the  p r e sen c e  of the rough w i l l  ;;i gx t i f i c a n t l y

a l t e r s  the u p s t r e am  h i s t o r y  e f fe c t s  of the mnt ’an  f l o w , and th i s , in

Conjunct ion wi th  its increased turbulence production , leads to an

ea r l i e r  a t t a i n men t  of equ i l i b r ium.  Of p a r t i c u l a r  i n t e r est  in the s t ream -

wise  development  downs t r eam of the step is the f ac t  tha t  the rh fluc-

tua t ion  level at the wall appears  to f i r s t  d e c r ea s e  upon t r ans i t i on  to

a roug h wall , and then i n c r e a s e  along wi th  the res t  of the b o u n d a r y

layer .  The tot~ 1 t e mp e r a t u r e  da ta  ~ndic ~i t ( ~ no such  (lee rca ; ‘e .

-—
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Careful  examination of the data r e v ea l s  f u r t her  i n s i g h t s  in to

the manner in which the v a r i ou s  roug h n e s s  hei g hts  a f f e c t  the turbu-

lent flow s t ruc ture .  Turn ing  f i r s t  to the  r~ f l u c t u a t i o n s, cons ide r

Figure  21 in which these data ar e  p r e se nt e d  fo r  all config u rat i o n s .

The general  f ea tu res  of the p r o f i l e s  d o w n s t r e a m  of x 27 . 4 a re  all

similar , but those at x = 39. 4 i l lu st r a t  the  t r e n d s  as well as any

and will be used for  purposes  of i l l u s t r a t i o n .  The l a rg e s t  ef f e c t  i s

seen to be caused by the k = 0 . 012 5 inch roug h wall, conf i g u ra t i o n

which also exhibits a conspicuous  m a x i m u m  some y I 6~ 0. H away

from the wall as opposed to the m ore ambi guous maximum exhibi ted

by the other confi gura t ions  located at d i s t a n c e s  of y / 6 ’ = 0. 5 for  the

smooth wall and k = 0. 050 inch roug h wall and y I ô  = 0 . 8 fo r  the

k = 0. 025 inch roug h wall . The shape of the k = 0 . 0 1 2 5  inch roug h

wall r ap r o f i le  is si g n i f i c a n t ly d i f f e r e n t  f rom tha t  of the o t h e r  conf i g-

ura t ions  throug hout the i n n e r  half  of the boundary  layer .  It not only

has a more  d e f i n i t e  m a x i mn u n i , in g e n e r a l , as noted above , but it

also decreases  in m a g n i t u d e  v e ry  rap idl y i t s  the wall  is approached-  -

so rap idl y,  in f a c t , tha t  n e a r  t i m e  wal l  it a c t u a l l y f a l l s  below the smooth

wall pr o f i l e .  The m a g n i t u d e  also dec ’rt ’ tne ’ s ra pidl y as the f r e e s t rea m

flow is approached .

The k = 0 . 0~~5 in ch roug h wall pro f i l e  da ta  also exhibit  a peak

magni tude  wel l  out in the b o u n d a r y  l a y e r , as  i n d i c at e d  above.  Thi s

max imum , however , is  u sua l ly l e ss  pronounced than that for the

k = 0. 0125 inch data , wi th the magn i tude  decreas ing  less rap idl y as

the wall is approached , achieving a value somewhat  hi g h e r  than the

smooth wall conf igura t ion  p ro f i l e  adjacent  to the ~vall .  Consideration

—



-4 0-

of the prof i le  between  the maximum m a g n itu d e  and the  f r e e st r e a n i

revea ls  that the mn agni tud l e d rops  oI l  l ess  rap idl y than th~ Ic = 0 . 01 2~

inch profile as the f r ee st r ear n  is approached  ~n(l s l ar g e r  than  t h a t

of the small roug hness  f ro m y / 6  = 1. 2 to the  freea treani at y / (  2 . 0.

Consider now the k = 0. 050 inch  roi~g h wal l  data ; it is obse rved

that its maxim um occurs m uch  n e a r e r  the w~~ , in the s-ie~ a~ tv of

y / b  = 0. 5, the m agn i tude  being v e r y  comparab l e  to that of the

k 0. 025 inch data . In f ac t , the behav io r  of the  p ro f i l e  b etw  cO thi~

maximum magn i tude  point  and the wall  i s  v i r t u a l ly iden t ica l  to t J i a t

of the k = 0. 025 inch p ro f il e .  Going toward  the f r ee s t r eam  f l o w, the

magni tude f i r s t  d rops  below tha t  of the sma l l e r  roug hness conI igura-

tions, and then a s sumes  v i r tua l ly the same value as the k = 0. 0125

inch data f rom y / 6  = 1.2 to the f r e e  stream.

Thus , al thoug h the data fo r  ac tual  f luc tua t ion  magn i tudes  may

be subject to considerable  e r ro r , the e f fec t  of roughness  s iz e  i s

definitely d i s c e r n i b l e .  The e f f e c t  of a small  roug h ness  ( ~~~~ 7~ is

an increase  in the in f luc tua t ion  levels  throughout the ba m n l a r y  l a yer

except in the immed ia t e  v i c in i t y  of the wa l l , where  a sli g ht d e c r ea s e

may occur.  A very  def ini te  maximum magni tud e peak is estab~i :.~:ed

well displaced toward the f r e e s t rear n  compared  to the smooth ~va1I

pe ak , with the roughness effect decreasing signific antly as the f r e e -

s t ream is approached, but not d i s a p p e a r i n g .  An inc rease  in the

roug hness  hei ght causes  an i nc rease  in the f luc tuat ion  level relat ive

to the magni tude  peak throughout the boundary  layer , wi th  no change

in peak location. As the roughness  size continue s to i n c r e a s c , the

location of the magni tude  peak approaches  that  of the smooth wall

- - - -~~~~ --~~~~~~~ -~ — ----
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m agni tude  1)eitk and the f l uc tua t i on  leve l  b et w e e n  th i s  peak ar:d the ,

freestresm decreases somewhat  but  r e m a i n s  above the smooth aa] l

level . In al l  cases  the rough ~vall f r e est r e m m  f l uc tua t i on  l eve l s  a c e

about double the smooth wall  fr e e s t r c a mn  l eve ls .  The i n c re a s e d  l e v el s

throughout the f low a re  due to the hig h level  of v e l o c i ty  f l uc te i a t iva

product ion  on the roug h wal ls .

Turning now to the total t e m p e r a t u re  f luc tua t ion  data  p r e s ’an t e d

in Fi gure  22 , it is appa ren t  t h at  si g n i f i c an t  roug h n e s s  e f f e c t s  a re

p resen t  it x = 27 . 4 and i n c r e a s e  in the outer  por t ion  of the  b o u n d ar y

layer prior t i m  x = 33 . 4 , then d e c r e a s e  somewhat  throug hout  the

boundary  layer  between x = 33. 4 and x 39. 4. Subsequen t  to x = 31) • 4,

little change occurs . No definite roughness size e f f ec t s  are  d iscern-

ible in the  data . In cont ras t  to the r~i f luctuat ion data , the peak magni-

tude o c c u r s  at the same loca t ion  for  all the roug h walls  as  for  the

smooth wall.

The mass  f lux- tota l  t emp e ra t u r e  co r rel a t i on  func t ion  is pre-

sented in Figure  ~ 3. A ra the r  c o n s i s t e n t  prof i le  is seen t o  exist  at

all s ta t ions  for  all  the s u r f a c e  cond i t ions. The c o r r e l a t i o n  f u n c t i o n

starts off with a small  nega t ive  va lue  nea r  the wal l , r ap idl y becomes

posi t i ve , then  d e c r e a s e s  to a minimum near 1. 0 before, in-

creasing again and app roach ing  a f r e e s t r e amn  value of about 0. 5- 0 . 7.

The smooth wall deviates from thi s pattern near the freestream

to a ss u m e  a negative value near -0. 5 which is close to the value of

-0 . 7 found by Owen , et a l .~
76> at M = 7 for  a non-ad iaba t i c  b o u n d a ry

l a y e r . The p r o f i l e  shape i s  a lso s i m i l a r , a l thoug h these  co r r e l a t i on

i~~= ~~~~~~~ ~~~~~~~~~~~
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f u n c t i o n s  a re  si g n i f i c a n t l y  s m n t ~ icr  th roug h o u t  the bod y of t he  bc und :t ry

laye r.

The k = 0. 050 inch roug h wall dlat t g e n e r a l l y ar e  v e ry  s ir n i l a  r

to the smooth wal l  da ta , excep t la ir  th~ b o u n da r y  l a y e r  ed ge , v ’Hle

the smaller roug h ness e s  m a i nt a i n  s or n ew Ti t t  ( N t ~ e re n t  p r u f i ! es  j u st

as fo r  the x~ f luc tua t ion  p rof i l es .

Roug h -to -Smoo th  Trans i t i on

Only the roug h — t o — s m o o t h  step chang e f l u c t u . i t i e n  data p r e —

sented in Fi g u r es  Z 1— ~~3 r e m a i n  to be ana l y z e d .  Roth the m ’ a n d  ‘1’~

f luc tua t ion  pr o f i l e s  at  x = 24. 4 ar e  obse rved  to be i~m n i ~r tl1 y ~imi lar

to those for the k = 0 . 0 5 0  inch smooth~~t o - ro u g h conf i gu ra t ion  at

x = 39 (ful ly developed or self s im i l a r  roug h wall  f low) .  The p r o f i l e s

are , however , concen t r a t ed  much  c l o ser  to the  wall , probabl y the

result  of the s t rong  f avo rab l e  p r e s s u re  g r a d i e n t  in the nozz le .  As

indicated e a r li e r , such a g r a d i e n t  l en d s  to s up p r e s s  f l uc tua t i on  r n t ~-

ni tudes  somewhat .  The c o r re l a t i o n  f u n c t i o n s  for  the two conf i g u r a t i o n s

a re ve ry  s imilai .

By x = 27 , some 36 ( l ( l w f l s tr ea r n  of the s t ep  c h a n g e  in  roug hn e  - s ,

he cha ra~~tcr  of both f lu c t u m t ~ en ~ r e f a l e  s has  ch a n g d c e n z i de~~a b!v ,

d e c r e a s i n g  in magni tude  at the w a l l  and i n c r e a s i n g  in  magn i tud e toward

the f re e s t r ear r i . Thi s g r o w i n g  in t h e  f r e & ’~~t r e t m  ( l i rect ion  accom-

panied by development  of m a g n i t u de  t eaks  n e ar  y / 6  = 0. 5 is a r e f l e c -

tion of the adjustment to it  i ’t r o  p r e s s u r e  g r a d i e n t  f r e e s t r e a ni , while

the change  in wall level is a r eac t i o n  to the sh i f t  f r o m  the roug h to  t h e

smooth  ~va1l . ‘Time c o r r e lat i o n  f u n c t i o n  i s  ml so seen to r e spond  a
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absence of the favorab le  p r e ss u r e  g radi en t  b y e x pa n d i n g  in  the f r e e -

stream direction.

The profi les  continue to ad jus t  to the  h an g e s  in both  the’

f r e e s t r e a r n  and wall condi t ions  d o w n s t r e a m  of x ‘i7. 4 . A g r a du a l

increase  in level on the f r e e s t r e a m  side of the p r o f i les  is obse rved ,

accompanied by a shift of the m a x i m u m  a ~np litud e peak in the S an t e

direction.  Both prof i les  appear to be close to e q u i l i b r i u m  at x 39. 4 ,

but cont inue to chang e in the v ic in i ty  of the f re e st r e~am b e t we e n

x = 39. 4 and x = 45. 4. A self s imi la r  pro f i l e  fo r  the r~i f l uc tua t i ons

appears to be establ ished at x = 45 . 4, but the T
~ 

p ro f i l e  shows evideocn ’

of continued evolvement on the f ree s t r e a m  side. Throug hout t h , s

adjustment  to new s ur f a c e  condi t ions, the co r re l a t ion  coe ff i c i en t

remains essentiall y unchanged downst ream of x = 27.  4.

The large magnitude of the r~i f luc tua t ions  ( l a rge r  than the

k = 0. 050 inch smooth- to-rough confi gura t ion )  is due to the location

of the rough plate in the nozzle. The same roug hness  hei ght was

used for  both conf i gura t ions, but the roug h- to-smooth  a r r a n g e m e n t

placed the up~~t r e trr m end of the plate in a much th inner  b o u n d a r y  l a y e r

(6 0. 2 inch v e r s u s  6~ 0. 4 inch for  the smooth - to - rough step

change).  ‘flie e f f ec t i ve  rou~ hrm e s s  hei ght was  t i tus  much grea te r , wel l

within the ful ly rough reg ime ,as opposed to the downs tream location

where it ~~as at the very lower l imit  of that  reg ime. The tu rbu lence

product ion caused by the roug hness would the re fore  be cons iderab l y

larger  for  the rough-to-smooth model, in addition , the presence of

th i s  l a r g e  roug h n e ss  in the s t rong  p r e ss u r e  g r a d i e n t  section of the

nozzle would si gn if i can t ly p e rt u r b  the mean  f low and exert a larger

Ti~~~~~~T 1 ; . ~~~~~~~ _ _ _ _ _ _ _
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effect on the u p s t r e a m  b o u n d a r y  h i s t o r y  t i t a n  would a s i r i m i l a r  p late

in the zero p~~e~ sure  g rad i en t  t es t  ae~~tion .

The roug h — t o —  smooth con f i gu r a t a om i  f l u c t i t  l i o n  d a t a  ~tI ’ e ~~~~~~

presen ted  in Fi gu re  24.  It is o b v i o u s  f t m t  the lm i t~~r y  e I f e~o s ar e  v e r y

impor tan t  and no mean ing ful c o m p a r i s o n  of n oz .~l m ’  ~vall da ta  m a e  se

attempted in the absence of mere ’ de t . m il e d  s r m u v . l m u~~” of t hese  e f f e cts .

In summary,  the f luc tua t ing  f low l)roP e .r t i es  were  found to

respond to changes  in the wall roug h n e s s  s or r m cw L e t  m o r e  slowl y th: ’ n

did the mean flow proper t ies . This  phenomenon is due  to the mecha-

nism by which the f luctuat ing pr o p e r t i e s  i r e  actually inf luenced by

the su r f ace  condit ion. Def in i te  roug hness  size e f f ec t s  a re  p r es en t  in

the r i  f luc tuat ion  data fo r  f low over  a roug h wall , but  none were

observed for  the T
~ 

f luctuat ion data . Com par i son  of the rough-to-

smooth step change data with the smooth wall data revealed upstream

his tory  e f f e c t s , j u s t  as mean f low data did e a r l i e r.

~T- ::~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~ ~~~~~~~~
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CONCLUSIONS

An experimental  i nves t iga t ion  of t Ime r e sp onse  of the hy p e r s o ni c

turbulent  boundary  layer  to a s lep  c han ge  i ’ i  s U r f i d e  roug hness  h i , ;

been per formed in Leg Ii of the GALCI T  Il y per  sonic  Wind T u n nel .

r f h e  subject  boundary  l ayer  developed on the f l at  nozzle  ~va l l  a dj a c e n t

to Mach 6 f ree st r e a m  flow. Both mean and f luc tua t ing  f low da ta  w e re

acquired fo r  severa l  smooth - to - rouch  s u r f ac e  step changes  and a

sing le rough- to -smooth  su r f a c e  step change . Use  of a t r a n s v e r se

square bar  type  of roug hness f a c i lit a t e d  d i r e c t  c o mp a r i s o n s  wi th low

speed data . An alys i s  of the data f r o m  this p r og r a m  has y ielded t h e

following conclusions:

1. The establishment  of new e q u i l i b r i u m  mean and f l u c t uat i ng

flow prof i les  downst ream of a step change in su r f ace  roug hness  is

accomplished in near l y the same d i s t a n c e  (in t erms  of b o u n d a ry  l ay e r

t h i cknes se s )  as in the i n c o m p r e s s i b le  case .  The step change smooth -

to-rough configu ra t ion  boundary  l a y e r  a t t a ins  new mean flow self

s imi lar  p ro f i l e s  s o m n t  106 or 206 ’ d o w n s t r e a m  of the step, while thc

f luc tua t ion  p ro f i l e s  reach thi s s ta te  some 14-166 or 2 8 -3 2 6  down-

s t ream of the step. These d i s t a nc e s  a re  independent  of roug hn e s s

height for roug h ne s s e;  in the t r a n si t i o n a l ly rough reg ime ( ~~
s T  < 7 0 ) .

The step roug hness  change rough - t o -  smooth conf i gu ra t ion  produced

a somewhat slower adjus tment  of the b o u n d a ry  l ayer , sonic I l i  or

26 6 for  mean flow e q u i l i b r i u m  and some 2 0 -2 5 6  or 40-50  6 for

f l u c t u a t i o n  eq u i l i b r i u m .
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2. The hy p e r s o n i c  smooth and roug h w a l l  ~ qui1 ib  r i m a m ;  p r u l i l e

velocity data , subsequen t  to a modif ied  Van  D r i e s t  t r a n s f m ; c u u t t i o n

to ~
1cquivalent  incom p r e s s i b l e  f o r m , ar e  V t l  1 con  . l ~t t cd  b y t h e

incompress ib le  composi te  law of the  v a i l .  i ’u ;e  u s e  of ~t v i r t u a l  o i i ~~i r ;

for  the ef f ec t ive  surface’  is n e c e s sar y  to  a c h iev e  good r e su l t s  fu r  th e

flow over the s u r f a c e  roughness  conf ~~ m ;r a t i o n s , j u s t  as  for  incon i—

press ib le  f lows , The modi f ied  f o r m  of the Van  D r ie s t  t r a n s f o r m a t i o n

used incorpora ted  a ‘l eas t  squares  q u a d r a t i c  c u r v e  f i t  to the m e a s u r e d

tempera tu re  data in place of the s t a n d a r d  Crocco t empera tu re  p ro f i l e .

3 . The above co r re l a t ion  is also foun d to be app licable in t h e

hi ghly n o n - e q u i l i b r i u m  flow reg ion immediate l y d o w n s t r e a m  of the

step chang e in roug hness , provided the roug hness is not too l a rge .

A roughness height of 0. 050 inch = 45) fo r  the smooth- to - rough step

su r face  change was foun d to be too la rge  in this sense , but the same

height used in the roug h - t o - s m o o t h  step change config u r a t i on  was not .

4. The e f f e c t s  of s u r f a c e  roug hness  on equ i l i b r ium or s e l f -

p rese rv ing  boundary l aye r s  were  found to exhibi t  excel lent  a g r eem e n t

with previously pub l i shed  data , when c o r r e lat e d  v e r s u s  e q u i v a l e n t

sand g r a i n  roug hnes s. When viewed in this manner , with the equiva-

lent  sand g ra i n  roug hness a unique pa ramete r fo r  a g iven type  . m f

roug hness in a g iven f r e e s t r e am  veloci ty,  the e f f ec t  of a change in

rou g hness  hei g ht on the skin f r i c t i on  and nondimens ional  veloci ty

( u/ U
T

) p r o f i l e s  is found to be a u n i v e r s a l  func t ion .

5. Exis t ing  procedures  (based on i ncompress ib l e  da ta )  fo r

ca lcu la t ing  the equ ivalen t  sand g r a i n  roughness  of a g iven roug h n e s s

c o n f i gura t ion  were  found to be inapp licable in the present  cast ’ , due

_ _ _ _ _ _ _ _ _ _ _ _  _____ ___________________________ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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to velocity induced changes ~ti the flow over the roug hness . In lig ht

of this f inding,  the ex t rapo lat i .rn of any low speed roug hness corre-

lation to higher  veloci t ies  must  h~ v iewed  v e r y  c r i t i ca l ly with the

knowledge that any r esu lt s  of such p r o c ed ’ ;r e  ar e  v e ry  s u s c e p t ib l e

to g ros s  e r ro r s, A c o n cen t rat e d  e f f o r t  to de te rmine  the e f f ec t s  of

compress ib i l i ty and veloci ty on such  m o r r e i a tj o n s  is d e f i n i te l y needed .

6. ‘ The invest igation of the roug h- to - smooth  step change

conf igura t ion  revealed the ex i s t e n c e  of ve ry  s i gn i f i c a n t  p r e s -~ure ’ and

temperature  history e f fec t s  th roug hout the b o u n d a ry  laye r . Th e

existence of these e f f ec t s  a f f o r d s  an exp lanat ion of apparent  incon-

sistency of data obtained on wind tunnel  nozz l e  wa l l s  wi th  that  obtained

on f la t  plates supported in the tunnel  f re e s t re am .  The presence  of

the rough s u r f a c e  on the nozz le  wal l  wi thin the expans ion  reg ion wa~

suff icient  to alte r the h i s t o r y  e f f e c t s , but  was not able to el iminate

them. The unknown nature and extent  of such h i s to ry  e f f e c t s  cas ts

serious doubts on the val idi ty of s imulatin g boundary  l a y e r s  on free-

s t ream su r f aces  by use  of nozz le  wall b o u n d a ry  l ay er s . Cons iderab ly

more research is needed in this a r ea  to del ineate the extent of these

his tory e f f ec t s  and invest igate the poss ib i l i ty  of d e s t r oy ing them.



-48-

Rl F E R E NC E ~s

1. N i k u ra d s e , J. ‘‘st r~~rntwg s gm’  r e t z m  in r a uk en  R o h ren . ‘‘ VDI

F o r s h un g s he f t  no . 361 , 19 ~~. 
‘1 r m t ; .l~t t e d  a s  NACA TM 1292 ,

1950 .

2. Moore , W. F’. ‘ A n  Expe r i n m e n t a l  In v e st i g~m l  a n  f the  Bound r y

Layer  Development  Along a Roug h Su r t i c e . 1’ :; . 1) . d i s s e rt a t ’~on ,

State U n i v .  of Iowa , 195 1.

3 . l lama , F’. R. ‘‘ l3ounc l ;m ry  I ~ay c  r Cha ru e  t e  ri  s t ie s  f o r  •‘- i ~~ ’o~ h and

Roug h S u r f a c e s . ” T r a n:~. Soc . N av a l  A r c h . M a r . E n gr s . , V ol .

62 , pp . 333-358.

4. Clauser , F. I i. ‘ ‘ T u r b u l e n t  Bound i r~ L a y e r s  in A d v e r s e  Pres-

sure  Grad ien t s , ” J. Ae ro. Sci . , Vol . 2 1 , pp. 9 1 - 1 0 8 , 195 1.

5. Be t te rman , I). “Cont r ibu~~on a l ’E tude  de la Convect ion F o r c e

Turbulente  le long de Plaques Ruguenses , ” m t .  J. Heat M a ss

T r a n s f e r , Vol .  9 , pp. 1 53 - 16 4 , 1966.

6. M o r r i s , 11. M. , J r .  ‘ Flow in Roug h Condu i t s . ” T r a n s . ASCE ,

Vol . 120 , pp . 3 7 3 - 3 9 7 , 1955.

7. Liu , C. K. , K l i n e , S. J. an d  J o h n s t o n , J. P. ‘‘An E x p e r i m e n t a l

Stud y of T u r b u l e n t  l3 o u n d ary  L a y e r s  on Roug h W a l l s , ‘ ‘ R& ’p t .

M D — i S , Stanford U n i v e r s i ty Dept. of M e c h a n i c a l  Eng i n ee r i n g ,

1966.

8. P er r y,  A. K. , Schofield, W. H. , and Jouber t, P. N. “Roug h Wal l

Turbu len t  Boundary  Layers , ” J. Fluid  Mech . , Vol . ~7 , P a r t  2 ,

pp. 38 3 - 4 1 3 , 1969.

9. P e r r y ,  A. E. and Jouber t , P. N. “Roug h Wall  Boundary  L a yer s

in A d v e r s e  P r e ssu r e  G r a d ie n t s , ’’ J. Fluid  Mech . , VoL 17 ,

Pr ’. l 9~~— ? 1  1 , 1 9 ’ 3 .

- —  
—

~~: ~~~~~~~~~
— 

--~~~~~~
_
~~~~~~~ -~~~ 

-



-49-

R e fer e n c e s  ( c o n t i n u e d )

10 . St r e et e  i~, V. and Chu , 11. ‘ ‘Fluid  Flow and I I c at  ‘1’ r an s f er  in

A r t i f i c i a l l y Roug hened Pi pes , ‘‘ Final Repor t  P r oj e c t  4918 ,

A r m o u r  R ese t rc h I ’ound t t i  on , 1949.

I I . S m  r im s , 1~ . W. ‘‘ Ex p e r i rr i e n t ; 1 I r lv e s t a g ;t i ( ) r i  .s of Ave r age  Heat

Tr a n~ ‘
~~ r and F r i c t i o n  Co ef f i c i e r m t  f ’ ’r  Air  Flowing in C i r c u l a r

T u b e s  I l ay i n g  Sq u i r e — t b  r e a d s  T yp e  R oug h n ess , ‘ NA CA Res .

Mciii . l tM 1~ S20 17 .

12 . A in b  m m , I I .  I I .  ‘ 1 l ie  ! t e t of S u r f a c  ‘ Roug hness  on Velocity

Di st  r i b m i t i o n  and  Bound i ry  R e s i s t a n ce , ‘‘ U n i v e r s i ty of Tenn e s see ,

Dep t. ut  Civi l  Eng i n e m ’  r i n g  C o n t ra c t  N / r 811(03 ) .  Of f i ce  of Naval

R e s e a r c h, I)epa r t me nt  of t he  Navy ,  1956.

1 3 . C o r r s i n, S. and K i s t ler , A. L. “F ree  Stream Boundar ies  of

T u r b u l e n t  Flows ,” NA SA- 1244 , Ja n. 1954.

14. Anton ia , R .  A. and Luxton , R. E. “ T h e  Response  of a Turbulent

B o u n dar y  l a y e r  to a Step Change  in S u r fac e  Roug hness .  Part  1.

Smooth to Roug h , ” J. Fluid Mech . , Vol. 48 , Pa r t  4, pp. 721-

7~ , I () 7 1 .

15. Liu , C. Y.  , Sandborn , V. A. ‘nd Tieleman , H. W. “ T u r b u l e n t

Sp e c t r a l  Data  i i i  L a rg e- S c a l~ T u r b u l e n t  Boundary  L a y e r s , Dev el-

oped over  I ) i f f e  rent  Types  of Boundary  Roug hness , ” Colorado

Sta te  U n i v e r s i t y,  R e se ar c h  Memo No. 10 , N 6 8-292 0Z , 196 7.

16. Logan , K. J r .  and Jones , J. 13. “Flow in a Pi pe Following an

Abrup t  In c r e a s e  in Surface  Roug hness ,” T r a n s . of ASME , J.

Bas ic Erig . , pp. 5-40 , M ar c h  1963 .

-

~ 

“
- - - ‘ ~~~~~~~~~~~~~~~~~~ 

- ‘
~~~~~~~~~~~~~~~~~~ ‘

“ - -
~~~~~~~~~~~~~~~~~~~~~



-50-

R cf e  i’e f l c  e~ ( c o n t i n ue d )

17. Van Dr ies t , K . R. ‘‘On T u r b u l e n t  Flow Nea r a W a l l , ‘‘ J .

Aero.  Sci . , Vol . 23 , N o. 11 , pp. 1 0 0 7 - 1 0 1 1 . ~\ OV .  1 956 .

18. Dvorak , F. A. ‘ ‘Calculat ion of T u r b u l e nt  Lound i ry  L ay er s  on

Roug h Sur faces  in P r e s su re  G r a d i e n t , ” ALA A J. Vol . 7 , N . 9 ,

pp. 1752-1759 , Sept. 1969.

19. Goddard , F. E. Jr .  “ E f f e c t  of U n i f o r m l y D i s t r i but ed  Roug l ine  ~s

on Turbulen t  S k i n - F r i c t i o n  l)rag of Superson ic  Spee ds ,” J.

Aeron.  Sci. Vol . 26 , No . 1, pp. 1- 15 , Ja n.  1959.

20 . Wade , J. H. T. “An E x p e r i m e n t a l  Inves t i gat ion of the Ef fec t  of

Sur face  Roug h n e s s  on the l)rag of a Cone-Cy lind er Model at a

Mach Number  of 2. 48 , ” Rept . 34 , Institute of Aerophys ics ,

Univ. of Toronto, Toronto, Canada , Sept. 1955.

2 1 . Fenter , F. W. “The Turbu len t  Boundary  Layer  on U n i f o r m ly

Roug h S u r f a c e s  of Superson ic  Speeds , ” DR L - 4 3 7 . D e f e n s e’

R e s e a r c h  Labora to ry ,  U n i v e r s i t y  of Texa s, Aust in , Texa5 ,

Jan . 196 0.

22 . Young ,  F. L. “ E x p e r i m e n t a l  investigat ion of the  E f f e c t s  of

S u r f a c e  Roug h n e s s  on Cornpr e  s sible  Turbu len t  B o u n d a r y  I aty er

Skin F r i c t i o n  and H e a t  T r a n s f e r , ’’ DILl — 5 3 ’ , D ef e n s e  R’”- c m  r c h

L a b o r a t o r y ,  U n i v e r s i t y  of Texas , A u s t i n , Texas , May l 9b S .

2 L Shut ts , W. I I .  and Fen ter , F. W. “ T ur b u l e n t  Boundary  Lay e r

and Skin F r i c t i o n  M e as u r e m e n t s  on an A r t i f i c i a l ly Roug hened ,

T h e r m a l ly In s u lat e d  Plate ’ a t  Superson ic  Speeds , ” D R L — 3 6 6 ,

D ef e n s e  Re s e a r c h  L ab o r a t o r y,  U n i v e r s i ty of Texas , A u s t i n ,

Ti.’Xml S , Au g u s t  1955 .

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
-
~~~~~~



— 5 1 -

R e f e r e n c e s  (cont inued)

24. Mann , H. W. “ Exper imenta l  Stud y of the Compress ib le  Turbu-

lent Boundary Layer  Skin Fr ict ion and h eat T r a n s f er in the Fully

Roug h Reg ime, ” I)RL-554 Defense  R e s e a r c h  Laborato ry,  Uni-

versi ty  of Texas , Aust in , Texas , Aug.  1967 .

25. Reda , D. C. “ C o m p r e s s i ble  T u r b u l e n t  Skin Frict ion on Roug h

and Roug h / W a vy  Walls  in Adiabat ic  Flow, ” NOLTR 74-34,

NAVAL O r d n a n c e  Labora tory ,  F e b r u a r y  19 74.

26 . Monta , W. 3. , C zar n e ck i , K. R. and Deveikis, W. D. “l)rag

Due to  T w o —I ) i men s ion a l  Roug hness in a Turbu len t  Boundary

Lay e r  at Mach I wi th and wi thout  Heat T rans fe r ,” NASA TN

D-4746 , Sept. 1968.

27. Ba ron ti , P. 0. and Libby,  P. A. “Ve loc i ty  Profi le s in Turbulent

Compress ib le  Boundary  Layers,” AIAA J , Vol . 4, N o. 2 ,

pp. 193-202 , Feb . 1966.

28. Coles , D. “The T u r b u l e n t  Boundary  Layer  in a Compressible

Fluid , ” Th e Phy s i cs  ‘1 Fluids , Vol . 7 , No. 9 , pp. 1403-142 3 ,

Sep t. 1964.

29. Van  D r i e s t , l. . R . “ T u r b u l e n t  B o u n d a r y  Layer  in C o m p r e s s i b l e

Flu ids , ” .1 . A er on . Sei . , Vol .  18 , No . 3 , pp. 1 4 5 — 1 6 0 , M a r c h

195 1 .

~IJ . V a n  1 ) r i m ’st , I .  It . “ P r o b l e m  of Aerod ynamic Heat ing, ” Ac r o-

o a i t i c a l  E n g in e e r i n g  Rev iew , Vol. 15, No. 10 , pp. 26-41 ,

Oct . 195o .

% 1. Watson , P . 1). and Cary ,  A. M. “Transformat ion  of Hypersonic

T u r b u l e n t  B o u n d a r y  L ay e r s  to Incompress ib le  Form, ” AIAA J ,
V 1 . ~, No . ~ . pp. 1 2 P2 — 120 . J u n e , 1967 .

L. ~~~~~~~~
--

~~~~~~

- 
—_______________________ _ _ _ _ _ _



-52-

R e f e r e n c e s  ( c o n t i n u e d )

32 . Keene r , K. R . and Hopk i n s , K. J .  ‘ V a n  D r i e s t  G e ner a l i z a t i o n

Applied to Turbu len t  Skin Fr ic t ion  and Veloci ty  P ro f i les  on the

Wall of a Mach 7 . ‘1 Wind  Tunne l , ‘‘ AI AA  .1, Vol.  11 , No. 12 ,

pp. 1784- 1785 , Dcc. l97~~.

33 . Sommer , S. C. and Short , D . 3. “ F re e  Fli ght M e a s u rem e n t s  of

Skin Frict ion of Turbulent  B o u n dar y  L a y e r s  with Hi gh Rate of

Heat T r a n s f e r at Hig h H y p e r s o n i c  Sj t m ds , ” J. of Aero.  Sci .

Vol . 25 , pp. 53k’,-542 , 1956.

34. Spalding,  D. B. and Chi , S. W. , “ 1  he I ) r mg of Compress ible

Turbulen t  Boundary Layer  on a smooth Flat Plate with and

without Heat T r a n s f e r , ” J. Fl uid M e c h . , Vol . 18 , Pa rt 1 ,

pp. 117-143 , Jan . 1964.

35. Cla rk , F. L. and Creel , T. R. J r . “ R e f e r e n c e  Tempera tu re

Method for  P red ic t ing  T ur b u l e n t  Compre ss ib l e  Skin Fr ic t ion

Coe f f i c i e n t , ” A LAA J , Vol . 11 , No . 2 , pp. 239- 2 4 0 , Feb . 1975.

36.  l lebb a r , K. S. and Paran jpe, P. A. “Skin Fr ic t ion  in Turbulent

Bounda ry  L a y e r s , ” A IAA J , Vol . 7, No. 4, pp. 79 3-796 ,

Apr i l  1969 .

7 . Tenneke s , I I .  ‘ ‘Law of the Wail  fo r  T u r b ule n t  Bound~ ry  L a y e r s

in Compress ib le  Flow, ” A IAA J , Vol . 5, No. 3, Mar ch 1967 .

38 . Hopk i n s , K. J. , Rubesin , M. W. , Inouye , M. , Keener , U. R. ,

Matee r , C. C. and Polek , 1. K. “Summary  and Correlat ion

of Skin F r i c t ion  and h e a t - T r a n s f e r  Data for  a Hypersonic  Turbu-

len t  Bounda ry  Layer  on Simp le Shapes , ” NA SA TN D- 5089 ,

1 969.

_ _ _ _ _ _  

-
~~~~~~~~~



_ _ _ _ _  —.

-5 3-

R e f e ren c e s  (con t inued )

39. Miles , J. B. and Kim , J. 11. ‘ ‘Eva lua t i on  of Coles ’ Tur i L i ’

Compress ib le  B o u n d a r y - L a yer  T h e o r y, ” AIAA J. , V o l . t ,

No . 6, pp. 1187- 1189 , J u n e  1968.

40 . Hopkins ) E. J. and Inouye , M. “ A n  E v a l u a t i o n  of Th e o r it .- f o r

Pred ic t ing  Turbu len t  Skin F r i c t i o n  .&i ~d Hea t  T ran s f ~~r on F l a t

Plates at Supersonic and H y p e r s o n i c  Mach N u m b e r s , ” AIAA J.

Vol . 9 , No . 6 , pp. 9 9 5- 1 0 0 3 , Jan e 1971.

41. Dvorak , F. A . “Ca lcu la t ion  of C o m p r e s s i b l e  T u r b u l e n t

Boundary  Laye r s  with Roug hness  and Heat  T r a n s f e r , ” AIAA J.

Vol . 10, No . 11 , pp. 1447-1451 , Nov.  1972.

42. Che n, K . K. “ C o m p r e s s i b l e  Turbu len t  Boundary  Layer  Heat

T r a n s f e r  to Roug h S u r f a c e s  in P r e s s u r e  Grad ien t, “ A1AA J.

Vol. 10 , No . 5, pp. 623-629 , May 1972 .

43. K i s t ler , A. L. “ Fl u c t u at i o n  M e a s u r e m e n t s  in a Supersonic

Turbu len t  Boundary Layer , ” The Phys i c s  of Fluid s , Vol . 2 ,

No. 3 , pp. 290-2 96 , May-June , 1959.

44. Owen , F. K. , Horstman , C. C. and Kussoy ,  M. I. “Mean and

F luc tua t ing  Flow M e a s u r e m e n t s  of a Fully -Deve loped, Non-

Adiaba t ic  Hype rson i c  Boundary  Layer , ” J. Fluid Mech . , Vol .

70 , Par t  2 , pp. 393-413 , 1975.

45. Laderrnan , A. J. and Demet r i ades , A. “Mean  and F luc tua t ing

Flow M ea s u r e m e n t s  in the  Hyperson ic  Boundary  Layer  Over a

C~ ole~l W a l l , ‘‘ J. Fluid Mech . , Vol . 61, Pa r t  1 , pp. 12 1— 144 ,

1974.

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  ~— —
~~~~~~~~~~~~~~

— -



-54-

Refe rences  (cont inued)

46. Laderman, A. J. and Demetr iades , A. “Turbu len t  F luc tua t ions

in the Hypersonic  Boundary Layer Over an Adiaba t i c  Slender

Cone , ” The Physic s of Fluids , Vol. 19 , No . 3 , pp. 3 5 9 - 3 o 1 ,

March 1976.

47. Behrens , W. “Total  T e m p e r a t u r e  T h e r m o c o u ple Probe  Based

on Recovery  Tempera tu re  of a C i r cu la r  Cy linder , ” m t .  J.

Heat Mass  T r a n s f e r , Vol . 14 , pp. 162 1 - l t3 0 , 1971.

48. Coles , D. “ M e a s u r e m e n t s  in the Boundary Layer  Flow , ” Ph .D .

Thesis , California Institute of Technology,  195 3 .

49. Gran , R. L. “Step Induced Separat ion of a Turbu len t  Boundary

Layer , ‘ Ph. D. Thes i s , Cal i forn ia  Insti tute of Technology,  197 0.

50 . Ra m a s w amy ,  M. A. “ Experimental  Investigation of the Ef fec t  of

Cooling on the N e a r  Wake of Ci rcu lar  Cy l i nde r s  at Mach Number

Six , ” Ph .D.  Thes i s , Cal i fornia  Institute of Technology,  19 71.

51. K ovasznay ,  L. S. G. “Turbu lence  in Supersonic  Flow , Jour .

Aero . Sci. , Vol. 20 , No. 10 , pp. 6 5 7-6 7 4 , October 1953 .

52 . Morkovin , M. V. “ Fluctuations and Hot- Wire  Anemomet ry  in

Compress ib le  Flows , ” AGARDograp h N o. 74 , November 1956 ,

53. Laufer , J. “Some Statistical Proper t ies  of the P r e s s u r e  Field

Radiated by a Turbulent  Boundary Layer , ” Th e Phys i c s  of

Fluids , Vol . 7 , No . 8, pp. 1191-1197 , August  1964.

~4. Jacobs , W. “Var i a t ion  in Velocity Profi le with Change in

Surface Roughness of Boundary, ” Translated as NACA TM 951 .

— :~~
_ _~_



-~~

-55-

Refe rences  (cont inued)

55. Antonia , It. A. and Lu~:ton , It. K. ‘ ‘The  Response  vi a Turbu-

lent Boundary  Layer  to a Step C h a n ge  in Sur face  Roug hnes~; .

Par t  ~ . Rough — t o — S m o o t h , ’’ J. Fluid Mech . , Vol. 5.3 , Pa rt  4,

pp. 73 7 - 7 5 7 , 1972 .

56 . Rotta , J. C. “ h e a t  T r a n s f e r  and T e mp er a tu r e  D i s t r i b u t i o n  in

Turbulen t  Boundary  L a y e r s  at Supersonic  and il y pt r s on i c  Flow, t

AaA R D o g rap h 97 , Pa r t  1, pp. 4 1 - 6 3 , May 196 5.

57 , B e r t r a m, M. H. , and Neal , L. , Jr.  “ Rec e n t  Exper iments  in

Hyperson ic  Turbulent  Boundary Laye r s, ” paper presented at

the AGARD Specialists Meeting on Recent Developments in

Bounda ry  Layer  Resea rch, Nap les , Ital y, May 10- 14, 1965.

58 . Feller , W. V. “ E f f e c t s  of U ps t r eam Wall Tempera tu re s  in

Hypersonic  Tunnel Wall Boundary L a yer  Prof i le  M e as u r e m e n t s,”

A IAi\ J. , Vol . 11 , No . 4 , pp . 556-558 , Apr i l  1973.

59. Voi s ine t , it. .L. P. , Lee , it. K. and Yanta , W. J. “An Experi-

menta l  Stud y of the Corr ipr e  sible T u r b u l e n t  Boundary Layer

with a l l  A d v er s e  P ressu re  G r a d i e n t , ‘‘ AGAItU CP — 9 3  Turbu len t

Shear Flows, Fluid Dynamics  Panel Special is ts .  Meeting in

London , September 1971.

eQ. Sturek , W. B. “ Wall Iheat  T r a n s f e r  Ef fec t s  on Supersonic

Nozzle  Wall B o u n d a r y - L a y e r  Tempera ture  Profi les , ” BRL

Mem . Rcpt. No. 232 8 , Sept. 1973.



- 

-56- 

-~~~~~~~~~~~~~~~~~~~~~~~~
_-

~~~~~~~. 

I

R e f e r e n ce s  ( c o n t i n u e d )

61. Bushnel l, D. M. , Johnson , C. B. , H ar i e y,  W. r) . , and

Feller , W. V . , “Compar i son  of Predic t ion  Methods and

Studies  of Relaxat ion  ia ll yp er son ic  T u r b ul ent  N o z z l e —  Wa l l

Boundary Layers, ” NASA TN D-5433 , 1969.

62 . Lewis , 3. E. , Grart , R. L. and Kubuta , T. “An E x p e r i m e n t

on the A d i a b a t i c  C o mpr e s s i b le  B o u n d a ry  Layer  in A d v e r s e

and Favorab le  P r e ss u r e  G r a d ien t ,” J. Fluid Mech . , Vol . 51 ,

pa r t  4, pp. 6~~7-67Z , 1072 .

63 , Ke mp, J. H. J r . , and Owen , F. K. “Nozz le  Wall B o u n dary

Layers  at Mach N u m b e r  20 to 47 , ” AIAA J. , Vol . 10 , No. 7 ,

pp. 872-879 , July 1972.

64. Coles , D. “ The Young Person ’ s Guide to the Data , ” 196 8

AFOSR-IFP-Stanfo  rd Conic rence  on Computation of Turbu len t

Boundary  Layers.

65. Clauser , F. H. “The  Turbu len t  Boundary Layer , ” Advances

in Applied M e c h a n i c s, Vol . 4 , Academic  Press , pp. 1-51 ,

19 56.

66 . Walz , A. Bo u n d a r y  L a y e r s  of Flow and T emp er a t~~~~~ MIT

Pr ess , p . 69 , 1969.

67. Reda , 1) . C. , Ket t e r , F. C. , Jr. , and Fon, C. “ Compress ib le

Turbu len t  Skin Friction on Rough and Roug h / W a v y  Wal l s  in

A d i a b a t i c  Flow, ” AIAA Paper No . 74-574, p resen ted  at the

ALAA 7th Fluid and Plasma Dynamics C o n f er e n c e , Palo Al to ,

Calif . , June 1 7 - 1 9 , 1974.

-~~-- ---4



_ _ _ _ _ _ _

-57-

Re 14- r e n e c  S ( e o n t i n u ’ d )

68 . S c hl i c h t i ng , 11. B o u n da ry __L ay e r  T h e or y  S i x t h  Ed .  , t r a n s l

b y J. Rt ’s t in , McGr ~tw .- 1 h l 1 , p. ~~~~~ 19( ~~ .

e9. ~- i i np son , It.  L. ‘‘A G e n o r a h;~, d  (~~~‘r e !  t t ~ on ~~f ~~~~~~~~~~~

1)ens i t y E f f e c t s  on the T u r b u l e n t  ~~eu ~d ~~~ L ay e r , ’ A L\ A  .1 . ,

Vol . 11 , No . 2 , p .  2 4 2 - 2 4 4 , 1- eb . ) ‘~7 ~~.

70 . Din ing,  R. B. , J r . ‘‘A Meth od for  Cu 1~~~a ( i n ~~ Pa~ u : b Wi U I !‘~~ t

T r a n s f e r  R a t e s  on R e t - u t  ry  N o s t . t i ps , ‘ A J A A  l ’~ip e r  ~~v • 7 ~~~~ 7’

p r es e n ted  i tt  the A IA A  8t h  ‘1hei- rno 1 l iy ~~i S ~~~~~~~~~~~~~~~~ e . P a l n i

sp r i ng s , 1973.

71. M i l l s , A.  1-’. , and C o u r t n ey .  J . F’ . ‘ T u r b u len t  B o u nd a r y  1. i~~ r s

on Roug h W a l l s , - SDL No . 7e —  e~)4-l , Sp e ct r o n  D e ve l op m e n t

L a b o r a t o r i e s, Inc.  , Cos ta  N i e s a  C a l i f . , Marc -h  1’)76 .

72 . C h a r w a t , A. P . , Roos , J. N. , De w e y,  F. C. , Jr . , and Il i t, . , ) .  A.

‘‘An I n v e s t i gat i o n  of Sep t r a t e d  Flow . P a r t  I: Th ~ P r e ss  r ’

Field , ‘‘ J. Aero . Sci. , Vol . 28 , No. 6 , pp. -1 ~‘7 —  -170 , 1 °~ I

73 . R o se , \V. C. ‘ ‘ T u r b ul en c e  M e a s u rem e nt s  in a Cu!! u- e s s i b i t

B oun d a r y  I .-‘-ye  r , “ AIAA J. , Vol . 12 , N o . ~ , pp. 1060— 1 ()~~4 ,

A u g u s t , 197-1 .

74 . D em e t r i a de s , A.  ‘T u r b u l e i i e , . M~~;is u r . - n i e r i t s  in  an  A x  -v i n —

m e t r i c  Compres  ~ab lc  Wake , ‘‘ J . F ’luid \1,a Ii . , Vt  ‘1. ~ 4 , p t  r t  ~

pp. 4 6 5 -4 80 , 19e~~.

75. 1 ,ad e r n l an  , A. J . , and 1)em ot ri  ~ de s , A . ‘‘Adva u -cd I ~ent~t t .L  f

Prob lem 1’ r ’ ra ru .  Tur  bult ’n e Mea SU r e i n t.u t  s in t h e  I lypt ’ r son u.

T u r b u len t  I lounda ry Lay er  Over  a Cooled W a l l , ‘‘ I ‘ hi l c o  l- ’t ’rd

l’ub l i c at i on , No . U —  5079 , N ew p o r t  Beau h , C a l i f . 1972 .

‘ -- 
-‘

—
.
-

~~~~~~~~~ -~~ ~ - - — ~~~~~~~~~~~~~~~~~~~~~~~~~~~ - --- rn -- .



-58-

76. Owen , F. K. , Har tman, C. C. , and K u s soy , M. I. “Mea n

and Fluctuating Flow Measu remen t s  of a Fully -Deve loped ,

Non-Adiaba t ic  Hypersonic  Boundary Layer , ” J. Fluid Mccii . ,

Vol . 70 , par t  2 , pp. 3 9 3 - 4 1 3 , 1975.

77. B e r g .  l)ale E. “Su r face  Roug hness  E f f e c t s  on the Hy p e r s o n i c

‘r u r b u l e n t  Bounda ry  Laye r . ” Ph . D. T h es i s , C a l i f o r n i a  I n s t i tu t e

of Techno logy ,  1977.



- 59-

- 

]~~~~

- 

~: ~
i ~

- 
~ ~

‘ -
~ 

‘,‘ 

~

, • ‘ ‘~‘~—i ‘ ,
b ’ ~~ ~~~~ , ‘ ,

‘ ~ 
~ 

-“ S
~~ 7 ’~ ‘

‘ - ‘  
~ -

, 

~: * -~ — n .1-’ -. fl 

— 

r i -n .~, —~ ~ 

—

— ‘ ‘ ‘ ‘ ‘ ‘~ fl 4 5’’ ‘ ., ‘‘ fl 5’ ’  “5 2’ - ,  7 5 - 7 2 - - (\J ‘~ S t ~ . ‘ - ‘5’ 1 5 ’ ’  ‘) 5 1 i” ’ 5 ’ ’ ” ’  5” C ‘ ‘ ‘ .

5” 5’~ ~~~•‘ ‘ 5 ’ 5~~~~’ ’ ~~~”S Sfl ’~~~ 5 f l f l S  ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ I
- ; ~~~ 4 ~~~~~~~~~

-
~~~~~ -- ~~~~— - ; ~~~ ~~~~;.;-:~~: ;.;~~~,- ~~~~~~~~~~~~~~~~~~~~~~~~ ; : f l :

0, p , , -, . .  ,,- o- . t p r —  n .,-, , , ,’~~~ ., -  ,,_ 4 5 , , . .r , ,r . ’ . , . ,  5 - t -  N 5 ’ , , J . 4 , S , r - d- ” , 4 V ’ b ’’~~~- ~‘J ‘~- ‘ 2’ ‘ ‘ 5 5 ’  ,~~ 0 ‘ S  50 .5” .t 7 ‘ ( ‘ ,  05’ .’ ‘S I 5 2 f ll  t- 4 4 .$ 55~ ‘)  5 ’ •~‘ IS,

~ 
.. ‘~ ,~~~ 

- .~ , J S J -• ,  •.i” ~‘1 .1 1 ~~~ ,4  J S ,  3 7 4 4 1 4  5- ~~ 5 f l f l 5.~~5fl~~SS

~~ ‘ l ’  , O ’ ’ ’ f l ’ ’ - ’ -’ - ’ ’ ) ) O D ) ” ’ , ‘ , , o C,’ ’ ’  ) . s U 5
. )J  2 . ) . b . , (,5 O f l Q f l t ) f l O f lS~~~ (,

- ‘ 
• 1  5~~~sj _ 4 ~~~ 4 fl fl 7’ 554 7 5  - 4  “2 (0 5 ) , ’ ’ ’  ,‘ 0’ 0 54 4 — ‘ • ‘ U 0 ’ ) J  5) (3 1 j ’ 5 ” 5~ ‘ 0 5’ ~I ‘ -  0 .t - 5 - 7 . 5 -  4 ‘2 t ~~‘S ’~~~~~

( IS ,’-. S . . s 7 s ., . S  5 ’ , . .’ ,-, ‘ - , . . . - I ’ S ’ - , - ,  5, 5— 5 -  - . . 5 4

— 
-~ 0 0 5 4  0, ‘54)

p.1 — ~~~~~~~~~~~~~~~~~~~~ ‘ 2 f l ’~~~~’ 2 ’ 2  ‘2 5 f l s~~~ 5 , ’ U I ( s 5 ) ~~~~~~~~~~~ 5 ’ 5  I ‘ ~~~~~~~~ r’ ‘ 5
e s , , , -  S -, . . S f l’ ’ ’  S O  ‘ ‘ ‘ ( 5 5 , t ’  4 5 2  ~~Q I f l  5 - 5 ,  j 5 ) , 5 ç , , 4J s , . ~~~~~ , ’ ; c ) fl . 5 ~~~ 1,0 • ~~‘ ) 5 , ( ’ 5  -5 , ,~~ f l .’ j , s  f l ( )  5 55 . 

~~~~~~~~~~~~~~~~~ 5 I ’ ’ ,
~~~~ ’ ~~~~~~~~ ~~~~~~~~ ( ‘I ~~~~~~~~ f l 5 5 5 , U

-~ -~j ,__  :., : ~~~~~~~~~~~~~~~~~~~~~~~~~~ :_i~~ ::_y :: ’ , ~~~~~~~~

‘

~~~~~:~~ 

‘
~~~~~ n

~ 
, ‘~~~ ~~~~~~~~~~~ 

~~~~~~~~ 
;:~~~ ,t~~~ ,-: ,”~~~~ 2’

0 5t •
~~ ,‘~~~~~~~~~,

‘ ~~~~~~~~~~~~~~~~~~~ 
~~~~~~~~~ ~

1- — — - —  — - — - - -—— -—— —- - - -— — - —— - — —— --—

U, N 5 0’ f l .’ , , , t’fl O, -t ,O ’S 7- , , â 4 4 5  . 5 , ,’  t ’ ,J ”U’- P— f l ’ 1 S 5 4~~~ m., ’ ..n ,,j n ,,- ,. ’ p — r-,-r ,n
—p C, 5,1 ~,S _) ,_, ,,r 0’ r5 5’ 3

~~~~~~~~ “

-‘ “ -‘ 

: ‘  ~~~~~~~i:: ;~~

o r .

- —
— 4---- - - - —‘ - -- - ‘ - -- -. -- — - ,~~~. . - a.-



r 
- , ..‘-O-— - —- - -- - . 

.~~~~ — , - - - —--- — - ‘ - -  - -~~~~~~~ -~~~

7 
- ~ - 

S

-6 0- ‘ 07 
~~~~~~~~~~~~~

1~~’ 
~~ 

- . . -.5- - . - - - - — - - ----- 1
J~~,~~~~~S

5
~~

_ ’, ~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~I .
~~~fl~~ t5 05 I t~~~ Z s S . fl 55 I’ , f l . 2~~~~~ f l , 2 s s 5 . ~~~4 f l 5 f l 7 3 t

5 , 5 ,  I ( I (

~~~~~~~~

( 5 (  I ’

I ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

- 

_ _  

_

S -3 4 .1 ‘7 ‘3 -I St -S t 3 S 4 -1 ‘1 s) ~ 4 7 51 ~ ‘7 ‘7 4 ‘7 ‘7 3 .3 t

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~- - . 
* •t ‘7 45 s.’ .

~ In 75 75 (54 (.5 05 (54  5SsJ — -S S - t (‘2 5 (‘5 5-n 55 5 ‘-4 ( 54  5 5 4 ( 5 - 5  4 54

C .~~,,
‘

- - - C, -
.5

(.1 U

——-~~~~ -‘5--——— -



- - - -  ~~~~~~~~~~~~~~~~~~~~ - - — ,-- -. - _ - -
~~- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ -~~~~~

-61-

TAB LE I t

)~e su l t !4  of \‘ e l o ’ 1 f v  l ’ u’ f r , ’  ( ‘ , r I ’ ,’ ’~~t ! - -~,

I 1 1 x I O O
COT , ! . x y TI ô J u T x 1 0 0  t-u

0 U~ (n c-a n )
Smooth  47. 4 0 . 0  1 . 4 1. . 02 I 31 . / 5  (. 0 .

45 . 1 . 36 0. ‘)~~ I .-~8 . 25
43. 4 1. 34 0. 94 139  . 2 5

41 . 4 1 . 2 9 0 . 5 1  14 1 . 2 5
39. 4 1 . 25 0 . 9 1  113 .2 1
37 . 4 1. 28 0. 92 112  . 26
35 . 4 1 . 4 5  0 . 9 3  1 .~ ’ .2 5
33. 4 1. 4 2  0. 90 137 . 27
31 . 4 1. 39 0. 87 1 39 . 7-7
29. 4 1. 2 6 0. t~~ 114 .2 7
27 . 4 1 . 12 0. 83 14 9 . 28
25. 4 1 . 12 0. 86 147  . 2 9

S -‘ R 47 . 4 0. 0063 1 . 34 1 . 01 148 . 31 2. 69
k 0 .  0125 45. 4 1. 30 0. 93 I s O  . 30 2 . 40

43 . 4 1 . 24 0. 9 1  1 1  . . 0  2 . 15
41. 4 1 . 30 0. 90 1-18 . 2 8  1 . 77
39. 4 1. 23 0. 90 15 1 . 30 1. 96
37. 4 1 . 21  0. 87 1 1 9 . 2 8  1 . 5 0
35. 4 0. 0050 1 . 10 0. 88 1-1 0 . 2 6  0. 51
33 . 4 0. 0038 1 . 3 5  0. 86 1- 1 3 .2 7  0. Pt
31 . 4 0. 0038 1 . 3 5  Ci . 8-1 1 15  . 7- 9 1 . . 5
29. 4 0 . 0025 1 . 3 0  0. 79 142 . 2 6 0. 07
28. 4 0. 0012 1 . 30 0. 80 1- 12 . 26 -0. 1 5
27 . 4 0 . 0 1. 30 0. 80 I 38 . 25 -0 .  SO
26 . 4 1. 29 0. SI 1 10  . 26 -0. 27
25 . 4 j  1 , 27 0. 8 1 1-1 1 . 2 8  -0. 07
24 . 4 V 1. 14 0. ~~ 146 . 3 0  0. 29

S II 47 . 4 0. 012 5 1 . 34 1 . 01 155 . 34 3. 76 . 34
k U O . 025 45 4 1 . 30 0. 9-s 15 /  . 3 5  3 . 7 3

41 .4 1. 24 0. 90 160 . 35 3. 67
4 1 . 4 1. 30 0. f~ 1( 0  . 3 5  3. 77
39. 4 v 1 . 2 1  0 . 5 ”  16. s . 35 3. 15
37 . ‘1 ‘ I .  7- 0 . 8 1 63  . 35 3. 74
35 . 1 0. ( 110 I . 1(1 0. ~ 1 153  . 32 3. 07
3~~. 4 0. 005 I .  3~ 0, 82 I S ’,’ . 3 4  3. / I
31 .4 0. 0023 1 .35” 0.7’) I S ’S . 3 3  .1. 66
~~C) 4 0. 0023 1 . 3 0  0 . 7 - . 15~ .3 1  2 . 0 1
7- 0 • -l 0. 007 - ’  1 . 30 0. ‘/ 1 151) . 30 1 . 44

/ 7 . 4 0 . 0  1 . 10 0 . 7-1 I - 1 ’  . 2.7 (1 . 4 . 28
26 . 1 1 . .19 1’ . 76 11(, . 7 -9 ~~~, 1 , 5

2 ’ .. -; 1 , 2. ’? 0. 76 I 1 .  . 7- H () . Q( ,
S I . 1 -1 ~ , 7 5 , 1-1 . 2.9 — 0 . I
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TA B LE 11 ( con t inued)

T x l O O
Con!. x y 6 u I x 100 ( U

0 T v. u.~ rr ,e a3 ’d

S— ’ 1~ 47 . 4  0. 025 1. 23 1 . 08 176 . 43  6. 55
k - 0 . O 5 0  45. 4 1. 18 1 . 0 1  178 . 4/  6 . 25 . 43

43. 4 1 . 15 0 .9 8  180 . 43  6 . 22
41. 4 1. 10 0. 93 188 . 47 6. 78
39. 4 1. 10 0 . 9 0  186 . 45 6 . 36
37 . 4 1. 10 0. 89 183 . 43 5. 87
35 . 4  1. 25 0. 89 174 . 40 5. 4 5
33. 4 1 . 35  0. 84 168 .‘ 38 5.0 6
3 1 . 4  0. 01 0 1. 35 0 .84  155 . 33 3. 1 6
29. 4 0. 0 1. 30 0. 79 150 . 29 1. 46
28. 4 1. 30 0. 77 116 . 26 0. 52
27 . 4 1. 30 0. 79 140 . 25 -0 . 48 . 3 4
26 .4  1. 2 9 0.8 1 139 . 24 -0 . 79
25 . 4  1.28 0. 84 141 . 27 -0 . 01
24. 4 1. 20 0. 82 143 . 2 8 0 . 1 5

R -‘S 47 . 4 0. 0 1.50 1. 07 132 . 23  -0. 06
k~ O.O 5O 45. 4 1. 45 1 . 03 134 . 24 -0. 07

43. 4 1. 45 0. 99 139 .2 6  1 . 0 2
4 1. 4  1. 43 0. 96 2 - ; 1 . 27 1. 15
39. 4 1. 40 0. 93 14 3  . 27 1. 22
37. 4 0. 005 1 . 45 0.9 3  142 . 25 0. 9 6
35. 4 0.005  1. 60 0 . 9 5  136 . 2. 5 0.67
33 . 4  0. 010 1 . 55 1 . 00 143 .2 8  2 . 25
31 . 4  0 . 0 1 5  1 . 50 0. 99 152 . 31 3, 37
2 9 .4  0 . 0 1 5  1 . 40 0. 95 158 . 33 3. 7.3
28.4 0. 005 1 . 3 5  0. 93 162 . 34 3 . 9 4
27. 4 0. 015 1. 30 0 .92 167 . 37 4 . 5 2
26 . 4  0. 005 1. 28 0. 91 171 . 40 5. 14
25. 4 0. 020 1, 25 0 .9 1  177 . 42 5. 73
24 . 4 0. 020 1. 20 0. 89 181 . 46 6 . 19

Me ,~~uremt ’nts  were  made onl y whe re  these  values  ~~re ind ica t ed .
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